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ABSTRACT
We investigate the star formation history and chemical evolution of isolated analogues of Local
Group (LG) ultra faint dwarf galaxies (UFDs; stellar mass range of 102 M < M∗ < 105 M) and
gas rich, low mass dwarfs (Leo P analogs; stellar mass range of 105 M < M∗ < 106 M). We
perform a suite of cosmological hydrodynamic zoom-in simulations to follow their evolution from
the era of the first generation of stars down to z = 0. We confirm that reionization, combined
with supernova (SN) feedback, is primarily responsible for the truncated star formation in UFDs.
Specifically, haloes with a virial mass of Mvir . 2× 109 M form & 90% of stars prior to reionization.
Our work further demonstrates the importance of Population III (Pop III) stars, with their intrinsically
high [C/Fe] yields, and the associated external metal-enrichment, in producing low-metallicity stars
([Fe/H] . −4) and carbon-enhanced metal-poor (CEMP) stars. We find that UFDs are composite
systems, assembled from multiple progenitor haloes, some of which hosted only Population II (Pop II)
stars formed in environments externally enriched by SNe in neighboring haloes, naturally producing,
extremely low-metallicity Pop II stars. We illustrate how the simulated chemical enrichment may
be used to constrain the star formation histories (SFHs) of true observed UFDs. We find that Leo
P analogs can form in haloes with Mvir ∼ 4 × 109 M (z = 0). Such systems are less affected by
reionization and continue to form stars until z=0, causing higher metallicity tails. Finally, we predict
the existence of extremely low-metallicity stars in LG UFD galaxies that preserve the pure chemical
signatures of Pop III nucleosynthesis.
Subject headings: cosmology: theory – hydrodynamics – galaxies: formation – galaxies: high-redshift
– galaxies: dwarf – galaxies: Local Group – galaxies: abundances
1. INTRODUCTION
One of the biggest challenges in modern cosmology is to
understand the first generation of stars and galaxies that
formed during the cosmic Dark Ages (see, e.g. Bromm &
Yoshida 2011 for a review). They reside in observation-
ally unexplored territory, rendering their detection one
of the main goals of the upcoming next-generation facil-
ities, such as the James Webb Space Telescope (JWST)
(e.g. Gardner 2006) and the 30-40 m giant ground-based
telescopes. The lowest mass (102 M . M∗ . 105 M,
z = 0) and most metal-poor ([Fe/H] . −2) dwarfs of
the Local Group (LG), known as Ultra Faint Dwarfs
(UFDs), have been proposed as possible descendants of
the dwarf galaxies at high redshift and are thus the best
place to look for the metal poor stars that hold clues
to the nature of the first generation of stars. Studying
such systems enables an approach often termed “galac-
tic archaeology”, wherein local galaxies are used as fossil
records of the early assembly history of the Milky Way
(MW) (e.g. Salvadori & Ferrara 2009; Frebel et al. 2010;
Boylan-Kolchin et al. 2015; Ricotti et al. 2016; Lapi et al.
2017; Weisz & Boylan-Kolchin 2017). Here we illustrate
how high resolution cosmological simulations that follow
structure formation in the smallest haloes at high redshift
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can help link the first galaxies to their local descendants
and identify the chemical signatures of the first genera-
tion of stars, the so-called Population III (Pop III) stars,
in the stellar populations of present day UFDs and low-
mass dwarfs.
The dwarf galaxy satellites of the MW exhibit a great
diversity in stellar age, metallicity, and sizes, indicat-
ing that they have experienced different star forma-
tion histories (SFHs). Specifically, more massive dwarfs
(M∗ > 106 M, z = 0) are characterized by extended
SFHs and show large metallicity spreads, whereas the
lower mass UFDs appear to have experienced a trun-
cated SFH, yielding uniformly ancient stellar popula-
tions, older than ∼11-12 Gyr (e.g. Bullock et al. 2000;
Grebel & Gallagher 2004; Brown et al. 2012; Weisz et al.
2014; Brown et al. 2014).
A plausible mechanism responsible for such early sup-
pression of star formation in UFDs could be reionization,
referring to the global phase transition from a neutral
Universe to an ionized one at z = 10 − 6 (Planck Col-
laboration 2016). During this period of time, the radia-
tion from stars heated the gas in the interstellar medium
(ISM) and intergalactic medium (IGM), thus boosting
the Jeans mass, i.e., the minimum mass to trigger gravi-
tational instability, which in turn made it difficult for gas
to collapse into haloes (see, e.g. Tolstoy et al. 2009 for
a review; and Gnedin & Kravtsov 2006; Bovill & Ricotti
2009; Bovill & Ricotti 2011; Brown et al. 2012).
A new puzzle has recently been presented in the dis-
covery of low mass, gas-rich dwarfs in the outskirts of the
Milky Way (e.g. McQuinn et al. 2015). Dwarfs like Leo
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P, Leo T, Leo A and DDO 210 have stellar masses less
than 106 M (z = 0), but are able to retain substantial
gas reservoirs (MHI ∼ 105−7 M, z = 0). Here, we ex-
plore for the first time the connection between these gas
rich, low mass dwarfs and present-day UFDs using cos-
mological zoom-in simulations that follow their evolution
from the first generation of stars to z=0.
Significant theoretical progress has been made towards
understanding the formation of low mass dwarf galax-
ies (e.g. Salvadori & Ferrara 2009; Sawala et al. 2010;
Munshi et al. 2013; Simpson et al. 2013; Governato et al.
2015; Wheeler et al. 2015; On˜orbe et al. 2015; Fitts et al.
2016). However, the emphasis of these existing studies
has been to understand the SFHs of dwarfs and their
structural properties at z = 0. In particular, work by
Wheeler et al. (2015) and Simpson et al. (2013) used
cosmological zoom simulations of the formation of low
mass galaxies (M∗ . 106 M at z = 0) at high redshift
to demonstrate that a combination of stellar feedback
and reionization can result in the suppression of star for-
mation in low mass haloes (M∗ . 106 M at z = 0).
However, these works only followed the chemical evo-
lution of total metallicity, rather than individual metal
species, and none tracked the metal-enrichment history
from Pop III stars to low redshift. Furthermore, exist-
ing work concerning the chemical abundances is typically
considered in an idealized setting (e.g. Revaz et al. 2009;
Corlies et al. 2013; Webster et al. 2014; Webster et al.
2015; Bland-Hawthorn et al. 2015; Revaz et al. 2016).
As such, the connection of the stellar populations of LG
UFDs and low-mass dwarfs to those of the first genera-
tion of stars remains uncertain. We seek to address this
major gap in knowledge by self-consistently following the
metal enrichment and diffusion from SNe from the first
generation of stars in these low mass galaxies, accounting
for both reionization and their subsequent hierarchical
evolution until the present day.
Ricotti & Gnedin (2005) classify dwarf galaxies based
on their SFHs into three categories: galaxies in which the
bulk of stars were formed prior to reionization are clas-
sified as “true fossils”, whereas “polluted fossils” refer
to galaxies that have continuously formed stars beyond
reionization, and “survivors” mean galaxies that formed
the majority of their stars after reionization. By follow-
ing the evolution of the first galaxies until the present,
we will be able to establish the expected degree of “pollu-
tion” in UFDs and furthermore quantify the significance
of late time accretion events to their present day chem-
ical properties. True fossils, in particular, could offer
more stringent insight on the nature of the first genera-
tion of stars, preserving their chemical signatures since
these galaxies are not likely to undergo significant star
formation after reionization.
The SN feedback from Pop III stars drove the gas out
of minihaloes, thus polluting the surrounding IGM with
the metals (e.g. Kitayama & Yoshida 2005; Ritter et al.
2012; Jeon et al. 2014). The second generation, call Pop-
ulation II (Pop II) stars, were born out of the gas thus
shaped by Pop III SNe, and, as a result, they might pre-
serve the chemical signatures of the Pop III stars. Un-
like Pop III stars, the lower mass of Pop II stars can
allow them to survive until today. Therefore, investigat-
ing the chemical abundance patterns of Pop II stars may
inform us of the star formation at early times in UFDs
and low-mass dwarfs. In particular, the abundances of
alpha elements compared to iron can tell us about the
timescale over which stars have formed and about the
corresponding star formation efficiency.
To date, a complete theoretical understanding of chem-
ical abundances in UFD stellar populations, in a full cos-
mological context, and considering the detailed enrich-
ment from early Pop III and Pop II stars, is still lacking.
This study is the first to self-consistently follow these
processes from high redshift to the present day, allowing
us to constrain the expected signatures of Pop III stars
in the stellar populations of current UFDs and low-mass
dwarfs.
Here, we present the results of a suite of cosmological,
high-resolution zoom-in simulations that trace the chem-
ical and mass evolution of low mass dwarf galaxies (UFD
mass analogs) from high redshifts down to z = 0. In this
work, we have two main goals: (1) to investigate the role
of reionization and SNe feedback in the SFHs of UFD and
low-mass, gas-rich dwarf analogs; and (2) to compare the
resulting stellar abundance patterns with observational
data from present day UFDs, highlighting signatures of
chemical enrichment from Pop III stars. We will discuss
the structural properties of the simulated dwarfs (e.g.
velocity dispersions and sizes) in an upcoming paper.
The most important difference of this work from pre-
vious studies is the ab-initio inclusion of early star for-
mation and enrichment. In addition, for the first time,
we derive detailed chemical abundance patterns for in-
dividual stars from realistic cosmological simulations, to
be compared with stellar archaeological data. Our hy-
drodynamical simulations are nicely complemented by
the recent dark matter-only investigation of Griffen et al.
(2016). Both treatments employ cosmological initial con-
ditions, with the latter focusing on representing the re-
alistic large-scale density field of the LG environment,
while our work includes the detailed physics of the bary-
onic component. Corlies et al. 2017 (priv. comm.) con-
sider the SFHs and metallicity distribution functions of a
range of halos within a fully simulated cosmological box
as opposed to zooming in on specific halos. However,
the computationally intensive feedback methods imple-
mented restrict the simulation to a small volume and can
only be run to z=7.
The outline of the paper is as follows. Our numerical
methodology is described in Section 2, and the simula-
tion results are presented in Section 3. We discuss the
limitations of this work in Section 4. Finally, our main
findings are summarized in Section 5. For consistency, all
distances are expressed in physical (proper) units unless
noted otherwise.
2. NUMERICAL METHODOLOGY
In this Section, we present numerical methods we
adopt for the simulations. At first, we explain initial
conditions, followed by the cosmological and hydrody-
namical parameters in Section 2.1. The implemented
chemistry, cooling, and UV background are presented in
Section 2.2. In Section 2.3, we describe star formation
recipe for Pop III and Pop II stars. The accompanied
chemical feedback of SNe from both populations is dis-
cussed in Section 2.4. Finally, we show how we include
thermal feedback from SNe in Section 2.5. Note that
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possible caveats and limitations of the methods described
here are pointed out in Section 4.
2.1. Simulation Set Up
We have performed a suite of hydrodynamic zoom-
in simulations using a modified version of the N -
body/TreePM Smoothed Particle Hydrodynamics (SPH)
code GADGET (Springel et al. 2001; Springel 2005).
As cosmological parameters, we adopt a matter den-
sity of Ωm = 1 − ΩΛ = 0.265, baryon density of
Ωb = 0.0448, present-day Hubble expansion rate of
H0 = 71 km s
−1Mpc−1, a spectral index ns = 0.963, and
a normalization σ8 = 0.801 (Komatsu et al. 2011), con-
sistent with the most recent constraints from the Planck
satellite Planck Collaboration 2016. The initial condi-
tions are generated using the cosmological initial condi-
tions code MUSIC (Hahn & Abel 2011). As a prelim-
inary run, we perform a dark matter only using 1283
particles in a L = 6.25h−1 comoving Mpc box. Then,
we identify six galaxies with a mass of Mvir ∼ 109 M
at z = 0 around a MW-size halo (Mvir ∼ 2 × 1012 M)
(see, Figure 1). We confirm that the selected dwarfs have
maintained an isolated position, outside of the virial ra-
dius of the MW-size host halo throughout their evolution.
We conduct four consecutive refinements for all particles
within ∼ 2Rvir of the selected low mass haloes at z = 0,
where Rvir is a virial radius, as marked in Figure 1, de-
fined as the radius at which the mass density is 200 times
higher than the average density of the Universe. The re-
sultant effective resolution is 20483, giving rise to dark
matter (DM) and gas masses in the most refined region
of mDM ≈ 2000 M and mSPH ≈ 495 M, respectively.
The properties of the selected haloes (UFD analogs)
at z=0 are listed in Table 1 and discussed in detail in
Section 3. The most massive halo, Halo 6, is our prime
candidate analog of gas-rich, low-mass dwarfs like Leo P,
Leo A, Leo T and DDO 210. This will be discussed in
more detail in Section 3.2.
We find that in order to minimize computational cost,
we preferentially choose haloes in relatively isolated re-
gions, distributed from 0.6 Mpc to 2.1 Mpc from the
center of the MW-size halo, which is illustrated as the
largest white circle in the left panel of Figure 1. This
choice naturally allows us to exclude other possible pro-
cesses that might affect the SFHs and chemical properties
of the dwarfs, such as tidal interactions and ram-pressure
stripping. We fix the softening lengths for DM and star
particles as DM = 40 pc at all redshifts. We use adaptive
softening length for the gas particles, where the softening
length is proportional to the SPH kernel length with a
minimum value of gas,min = 2.8 pc.
2.2. Chemistry, Cooling, and UV Background
We solve the coupled, non-equilibrium rate equa-
tions every time-step for the primordial chem-
istry from nine atomic and molecular species
(H,H+,H−,H2,H+2 ,He,He
+,He++, and e−), as well
as from the three deuterium species D,D+, and HD
(Glover & Jappsen 2007) in the presence of the cosmic
UV/X-ray background provided by Haardt & Madau
(2012). The UV background is implemented in terms of
ionization and heating rates of H I, He I and He II as a
function of redshift. Such background is an important
factor in influencing the SFHs, in that the early presence
of UV radiation is likely to suppress star formation
early on. Here, we begin to include a UV background
at z = 7, and linearly increase its strength until z = 6.
At lower redshifts, we incorporate the background at
full amplitude, assuming that reionization is complete
at z = 6 (e.g. Gunn & Peterson 1965; Fan et al. 2006).
Self-shielding of the dense gas is included such that
the UV background is attenuated as a function of
exp (−NH Iσ¯ion), where NH I = xnH I. Here, x = h is
the SPH kernel size, nH I the neutral hydrogen num-
ber density, and σ¯ion the frequency-averaged photoion-
ization cross-section for H I. In addition, the photodis-
sociation of molecular hydrogen, H2, by the UV radi-
ation in the Lyman-Werner (LW) band (11.2 eV−13.6
eV) is considered (e.g. Abel et al. 1997), with a rate
kLW = 1.38 × 10−12s−1J21. Here, the normalized LW
mean intensity is J21 = J¯ν/(10
−21ergHz−1s−1cm−2sr−1),
with J¯ν(z) being the average mean intensity in the LW
band, calculated from the spectra in Haardt & Madau
(2011). The treatment for photodissociation of deuter-
ated hydrogen HD is identical to that of H2.
We consider all relevant primordial cooling processes
such as H and He collisional ionization, excitation and
recombination cooling, bremsstrahlung, inverse Comp-
ton cooling, and collisional excitation cooling of H2 and
HD. Additionally, gas cooling by metal species such
as carbon, oxygen, silicon, magnesium, neon, nitrogen,
and iron is taken into account under equilibrium condi-
tions. Specifically, we employ the method implemented
by Wiersma et al. (2009a), where the cooling rates are
computed element-by-element from pre-computed tables
based on the photo-ionization code CLOUDY (Ferland
et al. 1998), by interpolating the value as a function of
density, temperature, and metallicity. Note that we ig-
nore H2 formation via dust and also dust cooling for
the following reasons: (1) at high redshifts, z > 7,
the amount of dust is not sufficient to be a dominant
source of H2 formation, particularly in small systems
(M∗ . 106 M); and (2) at low redshifts, metal cool-
ing dominates over H2 cooling.
2.3. Star Formation Physics
The first stars are predicted to form out of primordial
gas inside minihaloes (Mvir ∼ 105 − 106 M) at z & 15
(see, e.g. Bromm 2013 for a review; Haiman et al. 1996;
Tegmark et al. 1997). debate (e.g. Bromm 2013). The
final mass of Pop III stars is determined by the complex
interplay between protostellar UV feedback, gas accre-
tion through a self-gravitating circumstellar disk, and its
fragmentation via gravitational instability (e.g. McKee
& Tan 2008; Hosokawa et al. 2011; Stacy et al. 2012). Re-
cent 2-D and 3-D radiation hydrodynamic simulations,
including stellar feedback from a protostar, predict that
the mass of Pop III stars is broadly distributed from
m∗ . 1 M to m∗ ∼ 1000 M (e.g. Hirano et al. 2014;
Susa et al. 2014; Hosokawa et al. 2016; Stacy et al. 2016).
The statistical study by Hirano et al. (2015) suggests that
the characteristic mass of Pop III stars also sensitively
depends on the photo-dissociation from external far- UV
(FUV) radiation, emitted by neighboring Pop III stars.
Due to the limited numerical resolution, individual
stars cannot be resolved, and we instead allow Pop III
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TABLE 1
Characteristics of the simulated UFD and gas-rich dwarf analogs at z = 0.
Halo Mvir rv M∗ Dh fb r∗1/2 [Fe/H]
¯[α/Fe] σ∗ Mgas MHI,w/MHI,c SFtrun
Unit [109 M] [kpc] [104 M] [Mpc] [%] [pc] - - [kms−1] [106 M] [105 M] -
halo1 1.53 23.7 4.3 0.6 0.08 345 -2.63 0.52 6.4 1.30 - Yes
halo2 1.53 23.5 3.8 2.0 0.07 320 -2.25 0.44 6.0 1.15 - Yes
halo3 1.60 23.9 8.2 2.1 0.1 296 -2.28 0.52 6.7 1.67 - Yes
halo4 2.21 26.6 13.0 1.9 0.96 513 -2.45 0.54 11.2 1.13 - No
halo5 3.15 29.9 20.0 0.9 0.05 479 -2.27 0.53 9.9 1.58 - No
halo6 3.95 32.1 88.6 3.7 0.9 438 -1.23 0.47 11.6 26 44/0.59 No
Note. — First row denotes the derived physical quantities of the galaxies. First column indicates the name of
haloes at each zoom-in region. Column (2): viral mass in 109 M. Column (3): virial radius in kpc. Column (4):
stellar mass in 104 M. Column (5): distance from a MW like host halo in Mpc. Column (6): baryon fraction in
%. Column (7): half stellar mass radius in pc. Column (8): average iron-to-hydrogen ratios of stars. Column (9):
average alpha-to-iron ratios of stars. Column (10): stellar velocity dispersion in km s−1. Column(11): total gas mass
in 106 M. Column(12): warm and cold neutral hydrogen gas mass in 105 M, defined as T < 5000 K and nH > 0.4
cm−3 for the warm H I gas, MHI,w, and T < 1000 K and nH > 10 cm−3 for the cold H I gas, MHI,c, respectively.
Column (13): truncated star formation after reionization.
stars to form as a single star cluster. We assume a
top-heavy IMF with a functional form of φPop III(m) =
dN/d logm =const., and a mass range of [m0,m1] =
[10, 150] M. Once a gas particle exceeds a threshold
density of nH,th = 100 cm
−3, the highest-density SPH
particle is converted into a collisionless star particle with
a 100% conversion efficiency, forming M∗ ≈ 500 M in
Pop III stars at once. We note that the adapted threshold
density is somewhat lower than the characteristic value,
nH,th = 10
4 cm−3, where gravitational instability is trig-
gered in primordial star formation (e.g. Bromm et al.
2002; Abel et al. 2002). In an effort to reduce computa-
tional cost, we avoid implementing such a higher thresh-
old density. However, our choice of nH,th = 100 cm
−3 is
reasonable given that, above nH = 10
3 cm−3, the Pop III
star formation time is insensitive to any further increase
in threshold density (Muratov et al. 2013).
Stars are formed from gas clouds at a rate ρ˙∗ = ρth/τ∗,
where τ∗ = τff/ff is the star formation time scale,
τff = [3pi/(32Gρth)]
1/2 the free fall time at the thresh-
old density ρth, and ff the star formation efficiency per
free fall time (Schmidt 1959). The star formation ef-
ficiency for Pop III stars has yet to be pinned down
precisely (e.g. Hirano et al. 2015; Stacy et al. 2016).
Using a global baryon fraction of fb = 0.168, we set
ff,Pop III = Mchar,Pop III/(Mvir×fb), where Mchar,Pop III
is the characteristic mass of Pop III stars, leading to
ff,Pop III ∼ 0.01. We note that this value is similar to a
typical efficiency in local star formation. Then, an SPH
particle is stochastically converted into a collisionless star
particle in a time interval ∆t, if a random number is
smaller than min(∆t/τ∗,1), to follow a given distribution
ρ˙∗ = ρth/τ∗. The star formation timescale is then given
by
τ∗ =
τff(nH,th)
ff
∼ 400Myr
( nH,th
100 cm−3
)−1/2
. (1)
Once pristine gas is enriched with metals dispersed by
SN explosions of the first generation of stars, low-mass,
long-lived second generation Pop II stars are formed
out of the metal-polluted gas clouds. For Pop II star
formation, we employ the same star formation recipe
as for Pop III, with an identical star formation effi-
ciency, ff,Pop II = 0.01, but adding an additional metal-
licity criterion. If the metallicity of a gas particle, el-
igible for star formation, exceeds the critical metallic-
ity, Zcrit = 10
−5.5 Z, for the transition from Pop III
to Pop II, we form a Pop II star cluster. The choice
of Zcrit = 10
−5.5 Z is motivated by dust-continuum
cooling (e.g. Omukai 2000; Schneider & Omukai 2010;
Bromm et al. 2001; Safranek-Shrader et al. 2016), where
dust cooling is responsible for further gas fragmentation
at high densities, nH & 1016cm−3, enabling the forma-
tion of low-mass stars. For the Pop II IMF, we use a
Chabrier IMF over the mass range of [0.1− 100] M.
2.4. Chemical Feedback
In this section, we describe how we implement stel-
lar yields from SN explosions and metal diffusion into
the ISM and IGM. We use an implementation of chemo-
dynamics where enrichment by winds from asymptotic
giant branch (AGB) stars, and by Type II and Type Ia
SNe are incorporated (Wiersma et al. 2009b). At every
time step, the mass of 11 individual elements from dy-
ing stars is computed and released into the neighboring
medium, followed by subsequent diffusive mixing in the
ISM and IGM. We have, for the first time, applied the
metal diffusion scheme to understand the evolution of
chemical abundances of dwarf galaxies in the full cosmo-
logical context. We briefly outline the procedure here.
2.4.1. Stellar Yields: Population III Stars
The low atmospheric opacities due to the absence
of metals renders mass loss by stellar winds from pri-
mordial stars almost negligible (e.g. Kudritzki & Puls
2000). Therefore, the final fate of Pop III stars is de-
termined by their initial mass. For example, massive
stars in the mass range between 10 M and 40 M end
their lives as conventional CCSNe, some of which are
hypernovae in the range of 25 M . m∗ . 40 M.
Very massive stars within the particular mass range of
140 M . m∗ . 260 M are expected to experience
PISNe, powered by electron-positron pair creation. In
the latter case, after central helium burning, the core
temperature becomes sufficiently high to abundantly pro-
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Fig. 1.— Dark matter distribution on progressively smaller scales at z = 0, as labeled on each panel. White lines denote the region to
be depicted in the next-smallest scale. Left: Final simulation output from the dark-matter only preliminary run that includes a MW like
halo with a mass of Mvir ∼ 2× 1012 M(z = 0), shown as the halo surrounded by the largest white circle. Six different zoomed-in regions
around the central host halo are also presented as small white circles. Middle: DM distribution of the selected zoom-in region. There
are two haloes in the refined region including the most massive halo, Halo5, which is zoomed in the right panel. Right: Detailed look of
Halo5. The virial radius of the halo is ∼ 30 kpc at z = 0.
duce electron-positron pairs, such that the star begins to
collapse due to the sudden drop in radiation pressure
support. The rapid contraction in turn triggers implo-
sive oxygen and silicon burning which produces enough
energy to completely disrupt the star, leaving no rem-
nant behind. If Pop III stars are more massive than
m∗ > 260 M, they are expected to undergo direct col-
lapse into a black hole without any explosion since the
thermonuclear energy release is not sufficient to reverse
the implosion.
Nucleosynthetic yields of CCSNe from Pop III pro-
genitor stars and their remnant masses are provided by
Heger & Woosley (2010), comprising progenitor masses
of 10− 100 M, and exploring a range of explosion ener-
gies between 0.3× 1051 erg and 1052 erg. Specifically, we
use yields for SN explosion energy of 1.2 × 1051 erg, in
the absence of rotation. For PISNe, we adapt the yields
given in Heger & Woosley (2002). It should be noted
that the effects of stellar rotation and magnetic fields are
not considered. E.g., some recent studies suggest that
under the influence of stellar rotation the lowest mass
resulting in a PISN can be shifted down to 75 M (e.g.
Chatzopoulos & Wheeler 2012).
2.4.2. Stellar Yields: Population II Stars
Stars experience strong mass loss at the end of their
lives, corresponding to the AGB or SN phase. The life-
time of a star is defined as the time when a star leaves the
main-sequence and enters its red giant phase. Here, we
employ metallicity-dependent tables of stellar lifetimes,
covering values from Z = 0.0004 to Z = 1.0 (Portinari
et al. 1998). Intermediate-mass stars (0.8 M . m∗ <
8 M) lose up to 60% of their mass during the termi-
nal AGB stage. The corresponding yields are taken from
Marigo (2001), where stars as massive as 5 M are cov-
ered. Due to the low wind velocity compared to the
velocity dispersion in the ISM, the kinetic energy input
from AGB winds is neglected.
Substantial amounts of metals are ejected by Type II
SNe when massive stars (m∗ & 8 M) explode at the
end of their life. The yields from Type II SNe are from
Portinari et al. (1998), in which mass loss on the main
sequence is considered. They provide a yield set that
is derived in a self-consistent manner with the AGB
yields, in terms of stellar lifetimes and mass range con-
sidered. Due to our short hydrodynamic timesteps,
∆t = 0.01 − 0.1 Myr, compared to the timescale over
which Type II SNe occur, metals are released through
multiple timesteps after the most massive star in a stel-
lar cluster undergoes a SN explosion, followed by sub-
sequent explosions of less massive stars. The energy
associated with Type II SNe is distributed onto neigh-
boring particles as thermal energy, comprising a total of
ESN,Pop II = 8.6 × 1051 erg. This value is obtained by
integrating over a Chabrier IMF in the mass range of
[6, 100] M for a Pop II cluster. The SN energy is de-
posited at once in a single time step at the end of the
most massive star’s life in a Pop II cluster. A detailed
description is to follow in Section 2.5.
The progenitor mass of a Type Ia SN is thought to
be between 3 M and 8 M. Once the mass of a white
dwarf remnant exceeds the Chandrasekhar mass, either
by mass transfer from a companion star or the merger
of two white dwarfs, a Type Ia SN is triggered. Due
to the large uncertainty attributed to the details of bi-
nary evolution, determining the Type Ia SN rate is highly
complex, compared to the mass release by Type II SNe
and AGB stars, where mass loss simply occurs at the end
of the progenitor’s life. We employ empirical delay time
functions (e.g. Barris & Tonry 2006; Fo¨rster et al. 2006),
expressed as e-folding times, η(t) = e−t/τIa/τIa where
τla =2 Gyr is the characteristic delay time. The SN Ia
rate at a given timestep ∆t is then NSN Ia(t; t + ∆t) =
a
∫ t+∆t
t
fwd(t
′)η(t′)dt′, where a = 0.01 is a normaliza-
tion parameter and fwd is the number of stars that have
evolved into white dwarfs per unit stellar mass (Man-
nucci et al. 2006). The Type Ia SN yields, based on the
explosion of a Chandrasekhar-mass carbon-oxygen white
dwarf, are taken from the spherically symmetric “W7”
model (Thielemann et al. 2003). The corresponding SN
energy is again distributed onto neighboring particles as
thermal energy, but this feedback is likely to be less effec-
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tive in disturbing the surrounding gas because the energy
injection is distributed over billions of years.
2.4.3. Metal Diffusion
After metals from AGB stellar winds, from Type II and
Type Ia SNe, and from PISNe are released, they should
be transported into the ISM and IGM. However, owing to
the lack of intrinsic mass flux between SPH particles, the
implementation of metal transfer in SPH simulations is
nontrivial. Commonly, a “particle metallicity” has been
widely used, where metals are locked up into the initial
neighboring gas particles, resulting in a very compact
metal distribution around a SN explosion site. A new im-
proved implementation has been suggested by Wiersma
et al. (2009b), where gas metallicity is computed in terms
of density Zsm = ρZ/ρ. This smoothed metallicity is suit-
able in simulating galaxy formation because gas cooling,
one of the key factors in star formation, depends on gas
density. Thus using the smoothed metallicity, derived
with the SPH kernel formalism, allows one to compute
metallicity-dependent gas cooling in a more consistent
way. Also, the smoothed metallicity partially accounts
for the spreading of metals. The method we adopt here,
on the other hand, is a diffusion-based metallicity imple-
mented by Greif et al. (2009), where the mixing efficiency
on unresolved scales is determined by the physical prop-
erties on the scale of the SPH smoothing kernel (Klessen
& Lin 2003).
Initially, the ejected metals are distributed among the
neighboring gas particles, Nngb = 48, giving rise to initial
particle metallicities,
Zi =
mmetal,i
mSPH +mmetal,i
. (2)
Then, the metals are transported by solving the diffusion
equation, written in the form,
dc
dt
=
1
ρ
∇ · (D∇c), (3)
where c is the concentration of a fluid per unit mass, cor-
responding to the total gas metallicity in this work. We
also track individual metal species element-by-element
such as C, O, Si, Mg, Ne, Ni, and Fe. D is the diffu-
sion coefficient defined as D = 2 ρ v˜ l˜, where the length
scale, l˜, is comparable to the smoothing length of the
SPH kernel, l˜ = h, and ρ is the gas density. The velocity
dispersion within the kernel, v˜, is given by
v˜2i =
1
Nngb
∑
j
|vi − vj |2. (4)
Here, vi and vj are the velocities of particles i and j
within the kernel. Efficient metal mixing is achieved
owing to the increased velocity dispersion of the gas as
the forward shock from a SN explosion passes by. It
should be mentioned that this method assumes that mo-
tions in the resolved scales cascade down to unresolved
scales within which the gas is homogeneously mixed.
The resulting velocity field is driven by a homogeneously
and isotropically turbulent medium, meaning that three-
dimensional structures within the medium are not con-
sidered.
2.5. Thermal Feedback
During the main-sequence stage, Pop III and Pop II
stars emit photons that ionize and heat the surround-
ing medium, but in this work, we do not include photo-
heating and radiation pressure from stars for the sake of
feasibility. It would be computationally prohibitive to
follow galaxy evolution over time down to z = 0, while
self-consistently solving the radiative transfer equation
for our highly-resolved star forming regions. Once a mas-
sive Pop III or Pop II star dies, exploding as a Type II
SN, the explosion energy is injected into the surround-
ing medium, destroying dense gas, and thus suppressing
subsequent star formation. Here, we insert SN energy as
thermal energy, distributed onto neighboring gas parti-
cles. The common problem regarding the thermal energy
method is that gas particles heated by a SN explosion
radiate their energy away too quickly, before making SN
feedback effective. This is in part due to the unphysi-
cal absence of photoheating in our current simulations,
which would otherwise act to photoevacuate gas prior to
the SN explosion, rendering the surrounding medium too
dense.
Another problem is that SN energy is deposited onto
too much gas mass, owing to the limited resolution. In
reality, one CCSN is triggered out of every ∼ 100 M
in stars, and the SN energy is carried by << 100 M
of ejecta, while in cosmological simulations the mass
of neighboring gas particles that receive the SN energy
is much larger than the physical ejecta mass. Conse-
quently, temperatures in the heated gas remain below
T ∼ 106 K, where the cooling time is too short. There-
fore, one widely used way to circumvent the over-cooling
problem is disabling gas cooling for a few tens of Myr. In
our simulations, on the other hand, we follow the strat-
egy proposed by Dalla Vecchia & Schaye (2012), which
assigns temperatures above 107.5 K to the heated parti-
cles, thus preventing the gas from radiatively losing its
energy too quickly. We briefly summarize this approach
here.
The temperature jump of gas particles that receive SN
energy is given by
∆T = (γ − 1)µmH
kB
SN
M∗
mg,heat
(5)
= 4.34× 107 K
(
nSN
1.736× 10−2 M−1
)( µ
0.6
)
×E51 M∗
mg,heat
,
where SN = nSNE51 × 1051 erg is the total available
SN energy per unit stellar mass and E51 × 1051 erg
(E51 = 1) is the available energy from a single CCSN
event. The number of stars per unit stellar mass end-
ing their lives as Type II SNe is defined as nSN =∫m1
m0
φ(m)dm where m0 and m1 are the minimum and
maximum initial mass of stars eligible for SN explosion,
and φ(m) is a given IMF. For Pop III clusters, the num-
ber densities of CCSNe and PISNe per stellar mass are
nCCSN,Pop III = 1.2×10−2 M−1 ([m0,m1] = [11, 40] M)
and nPISN,Pop III = 4.9 × 10−4 M−1 ([m0,m1] =
[140, 150] M), respectively. The latter means that typ-
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ically two PISN events happen in the 500 M Pop III
cluster, NPISN = nPISN,Pop IIIM∗,Pop III ∼ 0.24. For
Pop II clusters with the assumed Chabrier IMF, the
number density of CCSNe is nCCSN,Pop II = 1.73 ×
10−2 M−1 ([m0,m1] = [8, 100] M). The total avail-
able SN energy from a single Pop III and Pop II cluster is
ESN = (CCSN,Pop III+PISN,Pop III)×M∗,Pop III = 2.75×
1052 erg, where PISN,Pop III = nPISN,Pop III × (7 × 1052)
ergs, and CCSN,Pop II ×M∗,Pop II = 8.5 × 1051 erg, re-
spectively. In order to assure that the heated gas reaches
above 107 K, making the thermal SN feedback effective
in the surrounding medium, we release the SN energy at
once when the most massive star in a cluster undergoes
a SN explosion.
In the standard SPH thermal feedback implementa-
tion, SN energy is normally distributed onto neighboring
SPH particles, where Nneigh = 48. If we heat all the
neighboring particles, then the total heated gas mass is
mg,heat = mSPHNneigh = 2.3×104 M and it renders the
ratio M∗/mg,heat = 0.02 for the Pop III and Pop II clus-
ters. Consequently, the neighboring gas particles would
achieve a temperature jump lower than ∆T ∼ 107.5K by
an order of magnitude, making SN feedback incapable of
impacting the gas. In order to increase the temperature
jump, we decrease the ratio M∗/mg,heat by reducing the
number of neighboring heated particles to a single par-
ticle, the closest one around a stellar cluster. Heating a
single gas particle ensures the ratio M∗/mg,heat to be of
order unity.
Additionally, we use a timestep-limiter such that the
ratio of timesteps of neighboring SPH particles cannot
be larger than a given factor, here adopting a value
of 4 (Saitoh & Makino 2009; Durier & Dalla Vecchia
2012). The implementation is essential for the correct
treatment of SN explosions, especially for high resolu-
tion multiphase simulations with individual time-steps,
where the hot gas (T > 107.5 K) is located near cold,
dense gas (T < 104 K), resulting in a large difference
in their timesteps that eventually could lead to a large
integration error. Also, we consider a timestep-update
where all neighboring particles around a SN explosion
site become active particles at the time of energy injec-
tion (Dalla Vecchia & Schaye 2012), allowing them to
immediately react to a sudden SN event.
3. SIMULATION RESULTS
In the following, we present our simulation results con-
cerning the chemical properties of low mass reioniza-
tion relics, in comparison to the observed properties of
the lowest mass galaxies about the MW. In Section 3.1,
we consider the star formation history of the simulated
galaxies over cosmic time down to z = 0. In Section 3.2,
we focus on Halo 6, the most massive simulated halo,
in order to discuss residual gas at z = 0 and analogs of
low-mass, gas-rich dwarfs, such as Leo P, Leo A, Leo
T and DDO210. Next, we explain the general trend
of metal yields from Pop III and Pop II stars in Sec-
tion 3.3, and the resulting chemical abundances of the
UFDs in Section 3.4. We further discuss how to provide
insight into the SFHs and accretion timescales of the ob-
served LG UFDs by comparing with our simulated UFD
analogs. Finally, in Section 3.6, we present the global
galaxy properties at z = 0 and compare our results with
other theoretical studies and observations. All the simu-
lated dwarfs reside at distances from 0.6−3.7 Mpc from
the central galaxy at z = 0 (see, Figure 1). As such,
environmental factors (tides, ram pressure stripping, UV
from central galaxy) are not relevant to the evolution of
these galaxies.
3.1. Star Formation History
3.1.1. SFH of the Primary Dwarf Halo (i.e. the most
massive halo in its merger history)
Figure 2 shows the time evolution of the zoomed-in low
mass haloes in each refined region (clockwise from upper
left-hand): the total and gas mass, the maximum hydro-
gen number density, cumulative fractional SFH, and star
formation rate (SFR). These quantities are computed
based on the properties of particles within the virial vol-
ume of the haloes. Most of the haloes begin to grow
from minihaloes with a mass of Mvir = 10
5 − 106 M
at z & 15, inside of which early Pop III stars form. The
emergence of first star formation differs from halo to halo:
the lower the halo mass, the later Pop III stars begin
to form. This is because a halo must reach a minimum
mass required to host gas with a molecular hydrogen frac-
tion of fH2 & 10−4, above which H2 cooling is efficient
(e.g. Tegmark et al. 1997; Bromm et al. 2002). We see
that Pop III stars emerge at z . 11 in the less massive
haloes (Halo1, Halo2), while the more massive haloes
(Halo4, Halo5, Halo6) commence Pop III star forma-
tion before z = 15. The final virial masses at z = 0 are
less than Mvir ∼ 1.6 × 109 M for three haloes Halo1,
Halo2, Halo3, while the others are slightly more mas-
sive with Mvir ∼ 2.1×109 (Halo4), Mvir ∼ 3.1×109 M
(Halo5), and Mvir ∼ 4×109 M (Halo6), respectively.
Note that early on, prior to reionization, star forma-
tion proceeds in an episodic fashion. This is a conse-
quence of regulated star formation: the gas within the
shallow potential well of a dwarf can easily be disrupted
and evacuated by SN feedback, and it takes time for the
halo gas to be replenished. This time delay gives rise to
the episodic, bursty star formation with timescales of the
order of a few ∼ 10 Myr. As explained in Section 2, we
gradually increase the external UV background, starting
from z = 7 to its full strength by z = 6, indicated by the
grey shaded vertical region in Figure 2; afterwards, the
background is present at full amplitude down to z = 0.
The star formation history of the simulated galaxies
strongly depends on their halo mass. Quenching of star
formation by reionization is clearly reflected in the no-
ticeable drops in SFR during z ∼ 7 − 6 in the less mas-
sive haloes, Halo1, Halo2, and Halo3. Among them,
Halo1 continues to form stars for about ∼30 Myr be-
yond z = 7, while Halo2 and Halo3 exhibit sharply
truncated star formation as soon as the UV background
is introduced. This residual star formation in Halo1 is
due to the existence of dense gas, self-shielded from the
UV background. Although two other haloes, Halo4 and
Halo5, also experience SFR quenching by the UV back-
ground, they exhibit a rebirth of star formation at late
epochs, below z = 4. Gas inflow in Halo5 is found to
be driven by mergers with other haloes at z ∼ 1.8, such
that the primary progenitor of Halo5 grows in mass by
a factor of 5, leading to the ignition of star formation at
z . 0.5. Halo4 shows late starbursts at z ∼ 3.9 and
8 JEON ET AL.
Fig. 2.— Time evolution of the UFD analogs. Clockwise from upper left: total and gas mass, the maximum hydrogen density, cumulative
fractional star formation history, and star formation rates within the virial radius of the haloes. The UV background is introduced at z = 7
starting from zero strength and gradually increasing to the full amplitude at z = 6, depicted as the grey shaded region in the bottom plots.
Different colors and line types indicate the evolution of each UFD analog. The dotted line indicates results when no SN feedback is included
in the case of Halo1. Relatively less massive haloes (Halo1, Halo2, and Halo3), whose halo mass is less than 2× 109 M(z = 0), form
all stars prior to reionization. On the other hand, in Halo4 and Halo5, late starbursts are triggered mainly driven by mergers with other
haloes. The most massive halo, Halo6, forms only about 30% of stars before reionization and star formation is continuously triggered
under the influence of the UV background. Star formation continues well past z = 6, illustrating that reionization and the impact of SNe
are insufficient to suppress SF in Halo 6. Halo 6 is thus our prime candidate for an analog of a gas-rich, low-mass dwarf system, such as,
e.g., Leo P.
z ∼ 0, as well.
Interestingly, the most massive halo (Halo6) over-
comes the effect of negative feedback from UV photo-
heating, since the halo already reaches a mass of Mvir =
2.5 × 108 M at z = 7, which is massive enough not
to significantly be affected by external radiation. There-
fore, stars can continuously form down to z ∼ 3, followed
by bursty star formation until z = 0. These late time
bursts of star formation could be unlikely to occur if the
simulated galaxy, Halo6, was accreted by the MW-like
host at early times. As such, star formation would be
suppressed by environmental factors. This implies that
low-mass dwarfs (Mvir & 2 × 109 M at z = 0) in the
outskirts of the MW are likely to show signatures of late
time bursts of star formation. Or, such ongoing star for-
mation and high stellar content (M∗ ∼ 106 M at z = 0)
indicate that it is more reasonable to consider Halo6 as
low-mass dwarf analogs such as Leo P or Leo T in the
field rather than local UFDs. This is discussed further
in the next section.
To explore the relative importance of SN feedback,
compared to reionization, for the suppression of star for-
mation, we perform a comparison simulation noSN (see
dotted lines in Figure 2). This run is identical to Halo1,
except that the thermal SN feedback is excluded, but
metals are ejected from stars to model the transition of
star formation from Pop III to Pop II. We find that, while
reionization plays an important role in inhibiting star for-
mation, SN feedback is crucial for the ultimate quenching
of UFDs. Although the UV background is turned on in
the same way as before (Halo1), no quenching of star
formation is found this time, implying that reionization
alone is insufficient to completely suppress star forma-
tion in the absence of SN feedback. We should note that
we terminate the run noSN at z ∼ 2 for the sake of
computational economy.
The bottom right-hand panel of Figure 2 illustrates
that all haloes form more than 90% of stars prior to reion-
ization, with the noticeable exception of Halo6. Follow-
ing Ricotti & Gnedin (2005), our five galaxies can be con-
sidered as “true fossils”, as more than 70% of their stars
formed before reionization. On the other hand, Halo6
only forms ∼ 30% of stars before reionization and con-
tinues to form stars down to z = 0, and hence it could
be categorized as a “polluted fossil”.
Simulating the fossils of the first galaxies 9
Fig. 3.— Fraction of stars within progenitor haloes found at
z = 6 that contribute more than 5% of the total stars within the
virial radius of the simulated galaxies at z = 0. The percentage
indicates the fraction of stars formed at this time relative to the
final stellar mass at z=0. Prior to z = 6, in all cases stars were
formed in multiple different progenitors, not in a single primary
halo. This means that a substantial amount of stars have originated
from the hierarchical accretion of different haloes, rather than being
formed in-situ. The ability of the simulations resolving small halos
(Mvir . 108 M) at z > 6 allows us to track hierarchical structure
formation at high-z. At early epochs (z & 6), star formation occurs
simultaneously in multiple small halos (Mvir . 108 M, at z > 6),
merging into a primary halo at later times. In all cases, except for
the most massive Halo6, the haloes almost stop forming stars at
z = 6. Prior to this point multiple star-forming small haloes are
present. Consequently, star formation of the simulated UFDs is
found to be a combination of in-situ star formation in a primary
halo and significant contribution from small progenitor haloes that
eventually merge into a primary halo. Note, however, that Halo6
continues to form stars until z = 0, meaning 81% of its stars are
formed in-situ within virial radius of a single primary halo. This
points to a notable distinction in the stellar mass build-up of UFDs
vs. low-mass dwarfs.
3.1.2. SFH of the Smaller Progenitor Haloes
Near the end of reionization, z ∼ 6, the simulated
haloes, except Halo6, almost stop forming stars such
that Halo1, Halo2, and Halo3 complete 100% of their
star formation. Also, Halo4 and Halo5 already contain
more than 92% stars by z ∼ 6. Interestingly, we find that
simulated analogs have experienced multiple mergers be-
tween haloes, meaning that a substantial fraction of stars
were formed in small progenitor haloes (Mvir . 108 M)
at high redshift (z & 6) and assembled into a primary
halo at later times. Figure 3 shows a fraction of stars in
progenitor haloes at z = 6 that contain more than 5% of
total stars found within a virial radius of the simulated
analogs at z = 0. The percentage indicates the fraction
of stars formed at this time relative to the final stellar
mass at z = 0.
For instance, there were two massive progenitor haloes
of Halo1 at z = 6, Mhalo = 1.6 × 108 M and
TABLE 2
Summary of gas-rich nearby low-mass dwarfs.
Dwarfs M∗[105 M] MHI[105 M]
Leo A 60 110
DDO 210 16 41
Leo P 5.6 9.3
Leo T 1.4 2.8
Halo6 8.8 44 (warm)/0.59(cold)
Note. — Column (1): the names of the observed gas-
rich low-mass dwarfs and Halo6. Column (2): stellar
mass in 105 M. Column (3): neutral hydrogen mass
in 105 M. The data is from McConnachie (2012) for
Leo A, DDO 210, Leo T and McQuinn et al. (2015) for
Leo P.
Mhalo = 6×107 M, containing 50% and 27% of stars. As
the number of progenitors that contribute non-negligible
amount of stars increases, the fraction of stars formed
in a primary halo, the most massive halo, declines as
seen in Halo2, Halo4, and Halo5 of Figure 3. This
means that the stellar mass growth of the simulated UFD
analogs is a combination of both in-situ star formation
in a primary halo and stellar accretion via mergers of
smaller progenitor haloes.
The ability of the simulations resolving small haloes
(Mvir . 108 M at z & 6), allows us to track down hi-
erarchical structure formation to high redshifts, making
it difficult to specify a “primary” halo, particularly for
the relatively less massive analogs (Mvir < 2× 109 M),
in which progenitor haloes were formed in low-density
peaks. This confusion lessens for the relatively massive
halo, i.e. Halo6 (Mvir & 4× 109 M at z = 0) as their
progenitor haloes grow rapidly by mergers and accretion
since they were originated from high-density peaks. As
such, it is much easier for relatively massive haloes to
identify a primary halo. This is clearly seen in Halo6,
where stars actively form in two progenitor haloes be-
fore z = 6, but afterwards stars form in a single halo,
leading to 81% of in-situ stars in Halo6. On the other
hand, unlike Halo6, the other five simulated haloes al-
most complete star formation by z ∼ 6 - before stars
were formed in multiple small progenitor haloes. The
fraction of stars formed in-situ (within a primary halo)
varies from halo to halo: 37%, 17%, 61%, 31%, and 17%
from Halo1 to Halo5. This suggests that there is a
notable distinction in the stellar mass build-up of UFDs
vs. low-mass dwarfs.
3.2. Residual Gas: Halo 6 as an analog of a low-mass,
gas-rich dwarf
Here we discuss whether any of our simulated halos are
reasonable analogs to recently discovered low-mass, gas-
rich dwarfs, such as Leo P, Leo T, Leo A and DDO 210.
We focus specifically on Halo6, which, being isolated
and slightly more massive than the other dwarfs in our
simulation suite, continues to form stars until z=0.
Whether or not a halo can form stars at a given time
within the simulation can be illustrated by the maximum
gas density achieved inside the virial radius of the sim-
ulated haloes, shown in the upper right-hand panel of
Figure 2. In this panel, we compare the maximum hy-
drogen number density with the adopted density thresh-
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Fig. 4.— Visualization of the zoom-in region, centered on Halo4, at z = 7.5 (top panels) and at z = 0 (bottom panels), respectively.
From left to right: each panel displays dark matter over-density relative to average density in Universe, hydrogen number density, gas
temperature, and gas metallicity. The radius of the primary halo, the most massive progenitor at a given time, is denoted as the white
circle in the dark matter over-density map (upper left-most panel). At z = 0, Halo4 still forms stars, some of which explode as SNe. The
gas heated by the SN explosions is clearly shown in the temperature map at z = 0. We see that, at z = 7.5, stars are formed and explode
as SNe within multiple progenitor haloes and that are then assembled into the primary halo. As a result, the galaxy at z = 0 is composed
of a significant fraction stars that have originated in different haloes that were later cannibalized by the primary.
old of nH =100 cm
−3 (solid horizontal line), above which
gas can form stars. The maximum gas density can get
as high as nH ∼ 104cm−3 at high redshift z & 7. The
final maximum gas density at z = 0 is heavily dependent
on the specific SFH experienced by a galaxy. For exam-
ple, a majority of gas is evacuated both by the UV back-
ground and SN feedback in the low mass haloes (Halo1,
Halo2, Halo3); hence, little gas has remained, even-
tually resulting in the very low maximum density of
nH ∼ 10−5cm−3 at z = 0. Even though Halo5 is mas-
sive enough to form stars at late epochs, SN feedback
from late starbursts significantly evacuates the gas from
the halo, such that the maximum density is as low as
nH ∼ 10−4cm−3 at z = 0. Meanwhile, we identify high
density gas with nH & 10 cm−3 in Halo6 even at the
end of the simulation.
The total residual gas mass of low mass UFDs, both
hot and cold gas, is a few ∼ 106 M(z = 0) (see Table 1),
but for Halo6 it can be as high as 2.6× 107 M(z = 0).
We find that the ionized gas fraction at z = 0, defined
as gas with a free electron fraction of felec & 0.99, is
∼ 54% in Halo6 and ∼ 74% in Halo4, whereas the
gas is completely ionized in the other haloes. Figure 4
illustrates the morphology of the refined region, centered
on Halo4, at z = 7.5 (top panels) and at z = 0 (bottom
panels), respectively. From left to right, each panel shows
dark matter over-density, hydrogen number density, gas
temperature, and gas metallicity. At z = 7.5, given the
distribution of the heated and polluted gas by the SN
explosions, stars are formed not only in the main halo,
denoted as the white circle at the center of the top panels,
but also out of gas in multiple progenitor haloes that
eventually have been assembled into the main halo at
z = 0. Owing to the ongoing star formation at z = 0,
the gas in Halo4 is significantly heated up to T & 105
K, as shown in the temperature map.
Interestingly, we find that a substantial amount of the
residual gas of Halo6 at z = 0 exists in a neutral phase.
The mass of warm neutral gas, defined as T < 5000 K
and nH > 0.5 cm
−3, is MHI ∼ 4.6 × 106 M(z = 0),
corresponding to 20% of the total gas. Also, there is
a cold gas reservoir with 5.9 × 104 M (T < 1000 K
and nH > 10 cm
−3), which serves as the gas supply for
star formation. To date, neutral gas has not been de-
tected in local UFDs (M∗ < 105 M, z = 0), indicat-
ing that Halo6 is likely more representative of slightly
more massive systems. In particular, the properties
of Halo6 at z=0 are similar to those of gas-rich low-
mass dwarfs like Leo T (MHI ∼ 2.8 × 105 M), Leo P
(MHI ∼ 8× 105 M), DDO 210 (MHI ∼ 4× 106 M), or
Leo A (MHI ∼ 1.1×107 M) (see, Table 2; McConnachie
2012; McQuinn et al. 2015)
This work could suggest that the observed gas-rich,
low-mass dwarfs listed in Table 2 are explainable within
a cosmological context if they have not been subjected
to environmental effects (ram pressure stripping, etc) for
the bulk of their evolution. Therefore, the existence of
dense gas, not seen in the UFDs within the virial radius
of the MW, could be indirect evidence of the role of the
environmental effects on quenching star formation (e.g.
Wetzel et al. 2015). We find that Halo6 already forms
∼30% of stars at z = 6, corresponding to stellar mass
of M∗ = 2.6 × 105 M (z = 6). It indicates that even
if Halo6 was quenched after reionization, it would not
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look like a UFD (M∗ < 105 M at z = 0), meaning that
there likely is a hard upper limit on the UFD halo mass.
3.3. Metal Enrichment
Given that the simulated galaxies have experienced
multiple mergers with other haloes over cosmic time, it is
expected that some fraction of stars could have formed in
different haloes and been accreted later onto the primary
halo, i.e. the most massive progenitor at any given time.
In order to distinguish the properties of stars formed in-
situ in a primary halo, from those of stars formed ex-
ternally and accreted at later epochs, in Figure 5 we
compare the stellar metallicity as a function of forma-
tion time. In the top panels, we plot all stars inside the
virial radius of Halo1 (left) and Halo6 (right) at z = 0,
regardless of their formation site. In the lower panels we
compare with stars formed only within the primary halo
(in-situ). Note that each symbol (reversed triangle) in-
dicates a single Pop II stellar cluster.
We note that about 40% and 19% of stars in Halo1
and Halo6 at z = 0 have originated from different pro-
genitor haloes and were assembled into the primary halo
at later times via mergers. We can further classify these
externally formed stars into two categories: (1) stars
formed out of gas that is externally metal-polluted due to
the proximity of neighboring haloes hosting SNe; and (2)
stars born within a halo that is independently massive
enough to form Pop III stars and subsequent generations
of stars (in-situ). The latter case is similar to a pri-
mary halo, which contains Pop III stars and subsequently
formed stars via self-enrichment. A striking difference
evident in Figure 5 is how broadly stellar metallicity is
distributed for all stars, whereas it is concentrated be-
tween [Fe/H] = −2 and [Fe/H] = −3 for the in-situ sam-
ple, except one stellar cluster with [Fe/H] = −3.7. The
absence of low metallicity stars ([Fe/H] . −3) among the
in-situ sample indicates that low metallicity stars have
preferentially come from different progenitor haloes, and
later acquired by the main halo through mergers.
This can be explained as follows. When a Pop III star
triggers a SN explosion, the surrounding gas is heated
and evacuated from the host halo, locally suppressing
further star formation for a certain time period. Detailed
studies regarding the duration of this temporary lull in
star formation in the wake of a Pop III SN have suggested
that it is of the order of a few 10 Myr for a conventional
SN energy of 1051 ergs. Or, it lasts up to a few hundred
Myr for a powerful PISN explosion with 1052 ergs, within
a host halo of Mvir ∼ 105 − 106 M(z & 10) (e.g. Greif
et al. 2009; Ritter et al. 2012; Jeon et al. 2014).
During this period of inhibited star formation, metals
are propagated into the ISM and IGM, and can be mixed
with pristine gas residing in neighboring minihaloes. If
the gas density in such polluted neighboring haloes hap-
pens to be high enough to form stars, metal-enriched
Pop II stars would be born. Because only small amounts
of metals would be delivered to neighboring haloes, the
metallicity of the gas that is located in the central region
of the externally enriched halo would be low, giving rise
to the formation of low metallicity stars. Note that owing
to the compactness of the early Universe, the typical dis-
tance between minihaloes with Mvir ∼ 105 M(z & 10)
is ∼ 300 − 500 pc, making it possible to transfer metals
Fig. 5.— Externally vs. internally formed stars. Top panel:
stellar metallicity vs. formation time for all stars located within
the virial radius of a halo at z = 0. Bottom panel: subset of stars
formed in-situ in the primary progenitor of a halo. The left and
right panels are for Halo1 and Halo6, respectively. The absence
of low metallicity stars ([Fe/H] . −3) among the in-situ sample
indicates that low metallicity stars have originated from different
progenitor haloes and were were assembled into the primary halo
at later epochs via mergers. Specifically, such low metallicity stars
are polluted via external enrichment, where metals originate in
neighboring haloes that host Pop III SNe. These low metallicity
stars only form at early times z & 6 when the cross-pollution is
efficient due to the proximity between haloes. This finding is a
general feature in all of the simulated analogs. The same plots for
the other four haloes are presented in Appendix.
to neighboring haloes (Smith et al. 2015).
The bottom-left panel of Figure 5, on the other hand,
implies that the in-situ stars are likely born in an en-
vironment that is internally polluted, thus experiencing
self-enrichment. The primary progenitor halo forms the
first Pop III stars at z ∼ 14 and the following Pop III
SN explosion leads to a suppression of star formation for
∼ 50 Myr. Afterwards, the ejected gas is replenished
along the cosmic web, and the central gas again reaches
densities high enough to form Pop II stars. We find that
in a given halo, only one or two Pop II clusters are formed
out of gas directly polluted with metals from Pop III SNe,
implying that only a few Pop II stars will preserve the
intrinsic chemical signatures of Pop III stars (Ji et al.
2015). While Halo1 stops forming stars at z ∼ 5.5,
Halo6 continues to form stars down to z = 0, steadily
self-enriching the gas within the primary progenitor halo.
As shown in the top panels of Figure 5, low metallicity
stars ([Fe/H] . 10−3 Z) tend to be generated at early
times before z = 6 when the cross metal-pollution is effi-
cient due to the proximity between low mass halos with
Mvir < 10
8 M.
In order to estimate how many externally enriched pro-
genitors contribute to the formation of the simulated
dwarf galaxy at z = 0, we present in Figure 6 the num-
ber of haloes with different metal-enrichment paths, that
end up in the primary halo (Halo1) through mergers.
The red-dashed line indicates the number of haloes that
host only Pop II stars without the presence of any Pop III
stars or their remnants, implying that they have been ex-
ternally polluted. The blue-dotted and black-solid lines
correspond to haloes hosting Pop III only, or both Pop III
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Fig. 6.— Top panel: Number of haloes that are eventually incor-
porated into Halo1, divided according to their metal-enrichment
path. The blue-dotted line shows the number of haloes that only
host Pop III stars or their remnants, while the red-dashed line de-
picts haloes with only Pop II stars. Finally, the black solid line
indicates haloes that host both Pop III and Pop II star formation.
The substantial number of Pop II-only haloes (see red dashed line)
implies that a large fraction of haloes are externally polluted with
metals from neighboring haloes that host SNe. Bottom panel: The
fraction of externally enriched halos weighted by star formation in
each halos. As stated above, even though there are a number of
externally polluted halos, they tend to host only one or multiple
star clusters, making a small percentage contribution to the total
star formation. Therefore, effectively ∼20% of star-forming halos
at & 6 were polluted via external metal-enrichment. These trends
are shown in all of the simulated analogs.
and Pop II stars, respectively. The displacement between
the blue-dotted and black-solid lines can be understood
as the time delay when Pop III star formation transitions
to Pop II, in haloes eventually hosting Pop III remnants
and Pop II stars. This time delay turns out to be about
a few tens of Myr.
Interestingly, the number of externally enriched haloes
increases up to ∼ 30 until z ∼ 6, as the ISM and IGM
are enriched with metals from Pop III and Pop II SNe,
but their number declines after reionization, mainly due
to the inability of forming stars in low-mass haloes from
gas heated by reionization. We point out that as global
metal enrichment progresses, no Pop III-only haloes ex-
ists ∼1 Gyr after the big bang. Even though there are
a number of externally-polluted haloes prior to z = 6,
they only host a single or multiple star clusters, pro-
viding the small contribution to overall star formation.
In order to estimate the effective fraction of externally
polluted haloes, in the bottom panel of Figure 6, we
present the fraction of externally enriched halos weighted
by the number of stars within each halos. About ∼ 20%
of haloes experience the cross metal-pollution between
z ∼ 11 and z ∼ 6 in Halo1. Note that all these findings
are general features in all of the simulated analogs.
3.4. Chemical Abundances
In this section, we first explain the general trends of
the resultant chemical abundances, depending on differ-
Fig. 7.— Evolution of metal yields of Type II SNe from Pop III
(top panels) and Pop II stars (bottom panels). We assume two
cases: (1) metals from individual SN events immediately propagate
onwards, and thus do not accumulate in the high density region
at the center of a halo (left); or (2) their transport is slow, such
that metals pile up in the central region, giving rise to an effective
yield (right). For the former case, subsequently forming stars are
sampling the metal yields from the most recent SN only, whereas
the latter case means that next-generation stars will be born out
of gas polluted with metals from multiple SNe. Note that Pop III
yields are displayed only up to ∼ 15 Myr, corresponding to the
lifetime of a 10 M Pop III star, the lowest mass considered in this
work. The Pop II yields extend to longer times, in accordance with
their lower masses.
ent stellar populations, Pop III and Pop II. Then, we dis-
cuss individual abundances, carbon and alpha-elements
based on the expected trends, and finally present metal-
licity distribution functions and comparisons to results
for observed UFDs.
3.4.1. General Trends
To better understand our simulation results, we now
introduce a simple toy model for the chemical evolution
from multiple SNe. Specifically, in Figure 7 we illustrate
the evolution of metal yields, as a function of time since
the most massive star has exploded, for a Pop III (top)
and Pop II (bottom) cluster. The panels on the left and
right explore different assumptions for the efficiency of
metal transport (see below). We only present the Pop III
yields up to 15 Myr, which corresponds to the lifetime
of the lowest-mass, and thus longest-lived, Pop III star
for our chosen IMF, where m∗,Pop III = 10 M (Schaerer
2002). For Pop II, we extend the yields to later times,
corresponding to the lower mass progenitor stars present
in this case (m∗,Pop II = 8 M). In our idealized enrich-
ment model, metals are released in time such that those
from the most massive stars are ejected first. There-
fore, the gas metallicity at the SN explosion site changes
over time, and one of the key factors is how rapidly met-
als can be transported to large distances. For example,
if the timescale for metal transport is shorter than the
time between consecutive SNe, then the metallicity of
a newly formed star will be determined mostly by SN
yields from the most recent event. In this case, metals
from earlier SNe would already have escaped into the sur-
roundings. Conversely, if their propagating timescale is
long, the metals ejected from different SNe will linger in
the central region of a halo. The metallicity of a newly-
formed star would then reflect averaged yields, deposited
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Fig. 8.— Comparison of abundance ratios, [C/Fe] and [α/Fe], of all Pop II stars in Halo1 (top panels) versus in-situ stars (bottom panels).
Following toy model results of Figure 7, we expect that Pop III nucleosynthetic yields show [α/Fe] ratios that are similar to [C/Fe], while
[α/Fe] ratios are higher than [C/Fe] in Pop II SN yields. As such, in-situ stars (bottom) appear to be predominantly born in environments
contaminated by Pop II SNe. Among the in-situ stars, only a few stars, formed within a few 10 Myr after the first Pop III SN (vertical
mark on the top axis), preserve Pop III SN signatures. Low metallicity stars, with [Fe/H] . −4, exhibit the expected trend for Pop III
SNe, i.e. comparable [C/Fe] and [α/Fe] ratios, implying that they were formed out of gas enriched by Pop III stars.
by multiple SNe.
To further construct our simple model, we consider two
extreme cases of how efficiently metals are transported:
(1) ejected metals are not accumulated in the central star
forming region, and are instead immediately dispersed
into the IGM; or (2) a certain fraction of the metals from
each SN remains in the central region, thus giving rise
to effective yields. The latter are calculated with a lin-
ear weight, measuring the time since explosion, such that
the most recent SNe contribute most to the average. Or
formally, we employ a mass-dependent weight as follows:
w(m∗) = (t − ∆t(m∗))/t, where t is the time since the
explosion of the most massive star in the cluster, and
∆t(m∗) is the time since a progenitor with mass m∗ ex-
ploded. We find that the general trend of the yields from
Pop III and Pop II SNe is substantially different. First,
Pop III SNe produce more carbon compared to Pop II
events. Second, for Pop III yields, the [C/Fe] ratio is
similar or larger than [α/Fe], especially [Mg/Fe], while
these trends are opposite for Pop II yields. These dis-
tinctive yield trends thus allow us to distinguish whether
stars are formed under the dominant influence of Pop III
or Pop II SNe.
We now compare these trends, obtained within the
toy model above, with the detailed enrichment results
from our full simulations. As discussed above, in-situ
stars likely form in environments internally enriched by
Pop II SNe, while stars formed through external metal-
enrichment are likely to show Pop III signatures. These
trends are evident in Figure 8, where we plot the chemi-
cal abundances of stars, formed in our simulations, as a
function of their formation time (left) and their metallic-
ity (right). Recall that individual, reversed triangle sym-
bols indicate single Pop II clusters. Except for the very
first stellar cluster, the majority of in-situ stars (bottom
panels) formed under the influence of Pop II SNe, given
that [Si/Fe] is larger than [C/Fe], which is the predicted
trend for Pop II SNe. As an exception, the very first stel-
lar cluster was born out of gas enriched by Pop III SNe,
indicated by similar [C/Fe] and [Si/Fe] ratios, consistent
with Pop III SN yields. The chemical abundances of all
stars, shown in the upper panel of Figure 8, are estab-
lished by a mixture of two systems: (1) haloes, mainly
polluted via internal enrichment, hosting both Pop III
and Pop II stars; and (2) externally contaminated haloes.
The existence of stellar clusters that exhibit comparable
[C/Fe] and [Si/Fe] ratios implies that their stars are likely
formed out of gas mostly enriched by Pop III stars. To
the contrary, a lower value of [C/Fe] relative to [Si/Fe]
signals the dominant contribution from Pop II SNe.
3.4.2. Carbon
Figure 9 shows select chemical abundances of Pop II
stars within the virial volume of our simulated galaxies
at z = 0, specifically [C/Fe]− [Fe/H] and [α/Fe]− [Fe/H]
(left and right columns). The color scheme denotes the
formation time of stars, where greyish colors correspond
to times before tH ∼ 4 Gyr and reddish ones to more
recent epochs. As we have discussed in the previous sec-
tions, star formation in the three haloes, Halo1, Halo2,
and Halo3, is truncated close to reionization, and thus
all their stars form before 1 Gyr, shown as grey-scale col-
ors. The stars in the other three haloes that experience
late bursts or continuous star formation span a much
wider range of formation times, reflected in the presence
of square symbols with reddish colors.
High- and medium-resolution spectroscopic studies of
individual member stars in UFDs have revealed that
the fraction of carbon-enhanced metal poor (CEMP)
stars increases with decreasing metallicities (see Beers &
Christlieb 2005 for details; and also, e.g., Aoki et al. 2007;
Norris et al. 2013; Yong et al. 2013). Usually, CEMP
stars are defined as metal-poor stars with carbon-to-iron
ratios above [C/Fe] = 0.7 at [Fe/H] . −2 (e.g. Aoki
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Fig. 9.— Stellar abundances in the simulated galaxies at z = 0. Left column: [C/Fe] vs. [Fe/H]. Right column: [α/Fe] vs. [Fe/H]. The
square symbols denote simulated abundances, with color indicating the formation time of stars, such that grey colors mark stars formed
before tH ∼ 4 Gyr, and reddish colors those formed after tH ∼ 4 Gyr. The existence of CEMP stars, particularly at low metallicities,
[Fe/H] . −3, is a consequence of Pop III SNe that intrinsically produce large amounts of carbon. The enhanced α-elements and the
absence of clear knees, at which [α/Fe] ratios decline, indicate that the gas in the galaxies is preferentially metal-enriched by Type II SNe,
rather than Type Ia, from Pop III and massive Pop II stars. In the most massive Halo6 (bottom panels), the gas is metal-enriched up to
[Fe/H] ∼ −0.6, owing to its extended star formation history. Observational data of stellar abundances in select LG UFDs are displayed
with the symbols, as labelled in the legends. For carbon, the data is taken from Simon et al. (2010) for Leo I, Frebel et al. (2010) for
UMa II and Com Ber, and Frebel et al. (2014) for Segue 1. For Bootes I, the data is from Frebel et al. (2016), who provide a list of all
high-resolution measurements from the literature. For the alpha-elements, we use the data given by Frebel et al. (2010) and Gilmore et al.
(2013). A detailed comparison between the simulated UFD analogs and the observed UFDs is discussed in Section 3.5.
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et al. 2007). Several possible mechanisms for their ori-
gin have been suggested, including (i) rapidly-rotating
massive Pop III stars (m∗ = 40 − 120 M), capable of
releasing large amounts of CNO-enhanced material (e.g.
Meynet et al. 2006), (ii) binary systems with a compan-
ion star that undergoes an AGB phase, thus transferring
carbon onto a low mass, long-lived, metal-poor star, or
(iii) Pop III SNe (m∗ = 10 − 40 M) with a low explo-
sion energy. In the latter case, iron-peak elements are
more likely to be locked up in the emerging central rem-
nant, whereas those with lower atomic number, such as
carbon, are easily ejected. In addition, such ejecta are
more likely to rapidly fall back since low SN energies are
inefficient to drive the gas out of a host halo (e.g. Umeda
& Nomoto 2003; Iwamoto et al. 2005; Cooke & Madau
2014; Salvadori et al. 2015).
Our simulation results indeed exhibit the presence of
CEMP stars at low metallicities. Since we exclude the
existence of binary systems, the occurrence of CEMP
stars in this work is a consequence of Pop III SNe that
intrinsically produce abundant carbon (see, Figure 7).
Also, we find that the fraction of CEMP stars is higher
at low metallicities, [Fe/H] . −4, such that this frac-
tion declines from > 45% at [Fe/H] . −4 to < 20% at
[Fe/H] . −2 for all haloes. As demonstrated in the right-
hand panels of Figure 8, low metallicity, [Fe/H] . −3,
stars with high carbon-ratios of [C/Fe] > 0.7 originate
from Pop III SNe, characterized by their large intrin-
sic carbon production. As can also be seen, the [C/Fe]
ratio decreases toward near-solar values, giving rise to C-
normal stars, with increasing metallicity. This behavior
is expected as a consequence of self-enrichment by Pop II
stars, where carbon yields are normal and the overall gas
metallicity rises in the process.
We now compare our simulated abundances with the
empirical record in select UFDs. For instance, the mem-
ber stars of Segue 1 roughly trace the trend of increas-
ing number of CEMP stars toward lower metallicity, ex-
cept one star with [C/Fe] = 1.4 at [Fe/H] = −1.6.
Based on its enhanced abundance of neutron-capture
elements, Frebel et al. (2014) suggest that this outlier
star might be associated with a binary system where
carbon is transferred from a companion. On the other
hand, high-resolution spectroscopy shows that stars in
Bootes I both include CEMP signatures at low metallici-
ties, ([Fe/H] < −3.0, and C-normal ones at [Fe/H] & −3
(e.g. Gilmore et al. 2013; Ishigaki et al. 2014; Frebel
et al. 2016). Given the co-existence of CEMP and C-
normal stars, Bootes I thus appears to be very similar to
our simulated galaxies, in particular Halo3, where both
classes of stars are naturally produced through a com-
bination of Pop III SNe and self-enrichment by Pop II
stars.
3.4.3. Alpha Elements
The run of [α/Fe] over [Fe/H] serves as a well-known
cosmic clock, encoding the timescale over which stars
have formed. In particular, the existence of a knee, where
[α/Fe] begins to decline, has been suggested as a reflec-
tion of a long duration of star formation. Given sufficient
time, Type Ia SNe would begin to contribute, producing
more iron compared to alpha elements. As is evident in
the right panels of Figure 9, we see roughly flat [α/Fe]
abundances at low metallicities, [Fe/H] . −3, in all runs.
As discussed in the previous sections, such low metallicity
stars are likely to be formed via external metal enrich-
ment by Pop III SNe. We note that relatively massive
haloes, Halo4, Halo5, and Halo6, show considerable
scatter in the α-abundance ratio, including values as high
as [α/Fe] & 2. This scatter can be understood as follows.
The number of progenitor haloes, hosting Pop III stars,
rises with increasing halo mass. As a result, the gas is in-
corporated from multiple haloes that are contaminated
by different Pop III SNe at a given time, leading to a
large spread in [α/Fe] ratio (see, Figure 7). We should
mention that our simulations can only trace a few alpha
elements, including Si and Mg, limiting our ability to
compare to observations.
Among the simulations, the less massive haloes,
Halo1, Halo2, and Halo3, exhibit enhanced [α/Fe]
ratios over the entire metallicity range, extending to
[Fe/H] ∼ −2, without an obvious decline at high [Fe/H].
The absence of a distinct knee implies that the stars
in these haloes have formed out of gas that was pref-
erentially polluted with metals from Type II rather than
Type Ia SNe. In contrast, the most massive systems,
Halo5 and Halo6, show hints of Type Ia SNe. For
instance, stars formed late in Halo5 at z ∼ 0.5 (see
Figure 2) have near- or super-solar [α/Fe] ratios at
[Fe/H] ∼ −1.6. Unlike the other haloes, owing to the
extended star formation, stellar metallicity in Halo6 in-
creases extending to [Fe/H] ∼ −0.6. It should be noted
that the [α/Fe] ratio at [Fe/H] & −2 is below that at
lower metallicities, but [α/Fe] still remains super-solar.
This is due to the continuous star formation, followed by
Type II SNe, which are likely to wash out the impact of
Type Ia SNe, by continuously producing abundant alpha
elements.
As a limiting case, Frebel & Bromm (2012) proposed
a “one-shot enrichment” scenario, where feedback from
massive Pop II stars, themselves showing pure Pop III
chemical signatures, evacuated the remaining gas from
their host halo, thus completely suppressing further star
formation until z = 0. Thus, any long-lived Pop II stars
in these systems would exhibit a constant alpha-element
ratio, [α/Fe] = 0.35, which is solely determined by the
yields of Pop III Type II SNe. This should be, how-
ever, considered an extreme case, valid for small, isolated
haloes, not undergoing continued accretion or mergers.
Thus, our simulated galaxies are not the case in which
a halo grows in mass, making the gas in the halo with a
deepened potential well harder to escape, rendering the
effectiveness of stellar feedback weaker. Furthermore, the
evacuated gas will begin to fall back within the order of
a few 10 Myr, triggering subsequent episodes of star for-
mation (e.g. Ritter et al. 2012; Jeon et al. 2014). This
multi-generational star formation is reflected as scatter
in the [α/Fe] ratios of observed LG dwarfs.
Measurements of α-elements in MW UFDs are pro-
vided by several studies including Vargas et al. (2013),
where individual alpha abundance ratios are presented
for 61 red giant branch stars in 8 UFDs. They found
that all UFDs are likely to show high [α/Fe] ratio at low
[Fe/H] < −2.5, which is consistent with the results of our
simulations. In particular, Segue 1 and UMa II exhibit
enhanced alpha-abundances across the observed metal-
licity range −3.5 < [Fe/H] < −1.0, indicative of the
signature of Type II SNe, while the other six systems
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Fig. 10.— Normalized metallicity distribution function (MDF) of Pop II stars for each halo, ordered according to decreasing stellar mass
(beginning in the upper-left panel). The MDF of haloes with stellar mass larger than M∗ > 104 M(z = 0) shows a peak at [Fe/H]∼ −2,
below which it gradually declines toward the low-metallicity regime. Such MDF shape is a natural consequence of both Pop III and Pop II
SNe contributing: the peak at [Fe/H]∼ −2 is due to the continuing self-enrichment by Pop II stars, whereas the low-metallicity tails
represent stars formed in neighboring haloes under the influence of Pop III SNe. As a result, such low-metallicity stars are likely to preserve
the signatures of Pop III SNe. Owing to the prolonged SFH of Halo6, the MDF peaks at [Fe/H] ∼ −1, but none of the observed UFDs
can explain such distribution. As explained, it is reasonable for Halo6 to be classified as low-mass dwarfs rather than UFDs. Alternatively
possible explanation would be that environmental effects within the virial radius of the MW could play a critical role in terminating star
formation in such systems.
show a general trend of decreasing [α/Fe] ratio with in-
creasing [Fe/H]. However, none of the observed UFDs
has yet revealed [α/Fe] ratios below [Fe/H] ∼ −3.5, pre-
venting us from comparing our predictions on extremely
low-metallicity stars with observations.
Overall, our predictions for the [α/Fe] ratio show good
agreement with observations over the metallicity range
−3.5 < [Fe/H] < −1.0. The observations also show that
most UFDs exhibit no clear knee, favoring the interpre-
tation that their stars were born out of gas dominantly
polluted by Type II SNe (e.g. Vargas et al. 2013; Gilmore
et al. 2013). To be specific, the measured [α/Fe] ratios of
CVn II and Hercules are consistent with those of Halo2,
while the values of Coma Berenices and Bootes I agree
with those of Halo3. These are relatively less massive
haloes, Mvir . 3 × 109 M(z = 0), experiencing trun-
cated star formation. Furthermore, Halo4 and Halo5
show excellent agreement with Leo IV and Segue 1, in
combination with their measured [C/Fe] ratios and the
observed maximum metallicity.
3.4.4. Metallicity Distribution Function
In Figure 10, we display normalized stellar metallicity
distribution functions (MDFs) for the simulated galax-
ies, i.e., the fraction of Pop II stars as a function of
[Fe/H], in order of decreasing stellar mass, beginning
from the top-left panel. The general shape of the MDF
exhibits a peak that gradually declines toward the low-
metallicity regime, and sharply drops above the peak.
The location of the peak shifts from [Fe/H] ∼ −1 for
the most massive halo Halo6, with a stellar mass of
M∗ ∼ 8.8 × 105 M(z = 0), to [Fe/H] ∼ −2 for Halo2,
where M∗ ∼ 3.8 × 104 M(z = 0). Our derived MDFs
reflect the combined action of external metal-enrichment
by Pop III and self-enrichment by Pop II stars. Since
the low-metallicity stars have predominantly originated
in haloes affected by Pop III SNe, the resultant fraction
is expected to be small due to the brief Pop III era, thus
giving rise to the extended tails. The self-enrichment
by Pop II stars, on the other hand, increases the gas
metallicity in their host halo, imprinting the peak at high
[Fe/H].
We also plot observed MDFs for select UFDs, shown
as dotted lines, provided by Brown et al. (2014). Our
simulations can approximately reproduce the range of
metallicity, especially the upper limit, for Leo IV and
Bootes I, but fail to simultaneously account for the peak
of the observed MDFs. We find that none of the MDFs
of the observed UFDs is matched with the MDF of
Halo6 that reflects the prolonged star formation down
to z = 0, resulting in the peak at the relatively high
metallicity ([Fe/H] & −1) via self-enrichment. This dis-
crepancy supports the assertion that the environmental
effects within the virial radius of the MW are respon-
sible for the truncated star formation in the relatively
massive UFDs at late time, providing a constraint on
the accretion epoch of UFDs. However, we should em-
phasize that the empirical record, in particular for low
metallicity stars, is currently still very much subject to
small-number statistics, such that definitive conclusions
cannot be reached yet.
3.5. Connection to the Observed UFDs.
In this section, we attempt to provide insight into the
quenching and accretion timescales of the observed UFDs
around the MW based on the similarities of their chem-
ical abundances to our simulated haloes. To be specific,
we match the simulated UFD analogs with the observed
LG UFDs by comparing the chemical properties, such
as [α/Fe], [C/Fe], and [Fe/H]max which is the maximum
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metallicity. A summary of this comparison is listed in Ta-
ble 3. We note, that a comprehensive comparison should
include other properties, such as the full SFH and gas
content of each dwarf. However, we focus here on the im-
pact of the new physics we have introduced, which mani-
fests in the chemical abundances of the simulated haloes.
As such, we include low-mass dwarf analogs, like Halo6,
in this comparison. For [Fe/H] values, we only compare
stars with metallicity higher than [Fe/H] ∼ −3.5, below
which the observation could be incomplete due to the
lack of ability of observing metal-poor stars with current
observations.
As shown in Figure 9, we find that the maximum
metallicities of the simulated galaxies, [Fe/H]max ∼ −1.8
(Halo2) and [Fe/H]max ∼ −1.5 (Halo3), are likely to
be consistent with the most metal-rich stars among the
observed UFDs, such as CVn II, Leo IV, Coma Berenices,
Bootes I, and Hercules. The absence of high metallicity
stars above [Fe/H] ∼ −1.5 in such UFDs, in combina-
tion with the enhanced [α/Fe] ratios, could imply that
these UFDs might have experienced similar SFHs of the
two galaxies, Halo2, and Halo3, that show the early
quenching of star formation by reionization. This inter-
pretation is in line with that of Brown et al. (2014), where
they report that five UFDs, CVn II, Leo IV, Bootes I,
Hercules, and CVn II, show early truncated star for-
mation based on the old ages of their stellar popula-
tions, finding that 80% of their stars formed prior to
z = 6. Here, we have demonstrated for the first time that
the theoretically expected chemical evolution of UFD
analogs formed in a cosmological framework are consis-
tent with this early truncation of star formation.
In addition to the excellent agreement of [α/Fe] ra-
tios of Bootes I with those of Halo3, the co-existence of
CEMP and C-normal stars can be reproduced in Halo3,
in which CEMPs are likely to be formed via Pop III
SNe, while C-normal stars are a consequence of self-
enrichment by Pop II stars. On the other hand, Segue 1
appears to be similar to Halo4, providing good agree-
ment between the observed and simulated chemical prop-
erties such as [Fe/H]max ∼ −1.42, [C/Fe], and [α/Fe]. As
pointed out in Section 3.4.2, the star with [C/Fe] = 1.4
at [Fe/H] = −1.6 might originate from a binary system
(Frebel et al. 2014). Therefore, we could ignore this
outlier since binary systems are not considered in this
work. We find that Halo4 exhibits bursty star forma-
tion at late epochs at z ∼ 3.9, during which time stars are
formed with relatively high metallicities ([Fe/H] ∼ −1.6).
This suggests that star formation in Segue 1 might be
not completely truncated by reionization, but followed
by late bursts of star formation that gives rise to stars
with [Fe/H] & −1.6. We find that none of the simu-
lated UFD analogs exhibit similar chemical properties of
UMa I.
For example, the [α/Fe] ratios of UMa II are consis-
tent with the derived [α/Fe] ratios of Halo6, which is a
halo that shows extended star formation beyond reion-
ization. However, Halo6 fails to match [Fe/H]max = −1
of UMa II (Gilmore et al. 2013), by producing stars with
metallicity higher than [Fe/H] ∼ −1. This discrepancy
might indicate that reionization was insufficient to com-
pletely suppress star formation in UMa II, allowing it
to continuously form stars after reionization, but after-
wards it is clear that star formation was truncated by
TABLE 3
Summary of comparison between the simulated
haloes and the abundances of observed UFDs.
UFDs M∗[ M] Analogs Similar properties
Segue I 1.0× 103 Halo5 [α/Fe], [C/Fe], [Fe/H]max
Com Ber 3.7× 103 Halo3 [α/Fe], [C/Fe]
UMa II 4.1× 103 Halo6 [α/Fe], [Fe/H]max
CVn II 7.9× 103 Halo2 [α/Fe]
Leo IV 1.0× 104 Halo4 [α/Fe], [C/Fe], [Fe/H]max
UMa I 1.4× 104 None -
Bootes I 2.9× 104 Halo3 [α/Fe], [C/Fe], [Fe/H]max
Hercules 3.7× 104 Halo2 [α/Fe], [C/Fe], [Fe/H]max
Note. — Column (1): the names of the observed
UFDs. Column (2): stellar mass of the observed UFDs
in M. Column (3): the name of the most simi-
lar analogs among the simulated galaxies based on the
chemical properties listed in Column 4.
other factors, i.e., gas stripping during the infall into the
MW halo. The simulations suggest that without this
truncation UMa II might have continuously or episodi-
cally formed stars down to z = 0, producing stars with
metallicity above [Fe/H] ∼ −1, as predicted in Halo6.
If we assume that the end of star formation of UMa II
is instead correlated with the infall time into the MW
halo, the simulated analog, Halo6, allows us to estimate
the infall time of UMa II. In Figure 11, we present the
evolution of chemical abundances of Halo6, [α/Fe] vs.
[Fe/H], at different redshifts, z = 7 (top), z = 6 (middle),
and z = 3 (bottom), with those of UMa II at z = 0.
As shown in the middle panel of Figure 11, the larger
value of [Fe/H]max ∼ −1 of the most metal-rich stars
in UMa II, compared to that of Halo6, indicates an
incapability of complete quenching of star formation by
reionization. As stars in Halo6 are continuously formed,
the metallicity increases, eventually forming stars with
metallicity as high as [Fe/H] ∼ −1 at z ∼ 3. Provided
that there are no observed stars with metallicity higher
than [Fe/H] ∼ −1 in UMa II, our simulations indicate
that its SFH was truncated at z ∼ 3.
If we assume that the infall onto the MW was responsi-
ble for the quenching of star formation in UMa II, we can
estimate that UMa II fell in ∼ 11 Gyr ago. This predic-
tion is consistent with the results of Rocha et al. (2012),
where they investigate the infall times for MW dwarfs
using their present-day kinematics and the energy-infall
relation. They suggest that UMa II tends to support an
early infall with tinfall ∼ 8− 11 Gyr.
We note that it is impossible to infer the accurate in-
fall times of the observed UFDs from this work, since
the simulated galaxies are in the field, which is beyond
the virial radius of the MW-like host halo. Furthermore,
based on the on-going star formation and the substantial
amount of gas reservoir at z = 0, Halo6 should be con-
sidered as a low-mass dwarf rather than UFDs. However,
this simulation could provide useful guidance on estimat-
ing the time when SFH of UFDs is truncated based on
the maximum stellar metallicity observed.
3.6. Global Galaxy Properties
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Fig. 11.— The evolution of stellar abundances, [α/Fe] vs. [Fe/H],
in Halo 6 at different redshifts, z = 7 (Top), z = 6 (Middle), and
z = 3 (Bottom), by comparing with the observed values of UMa II
at z = 0 (Gilmore et al. 2013). As demonstrated in the middle
panel, the discrepancy in [Fe/H]max ∼ −1 between Halo6 and
UMa II could indicate that reionization was insufficient to com-
pletely quench star formation in UMa II. Halo6 forms stars with
such metallicities at z = 3 (bottom panel), meaning that UMa II
formed stars down to z = 3 and truncated afterwards. Further-
more, if we assume that the end of star formation of UMa II is
correlated with gas stripping while falling onto the MW halo, then
the Halo6 results suggest an estimated infall time for UMa II that
is as old as ∼11 Gyr ago.
We present global galaxy properties at z = 0 inferred
from the simulations in Figure 12. The relationship be-
tween stellar and halo mass of galaxies is shown in the
top panel, where the red filled circles denote our sim-
ulations. Results from other works are also displayed,
including hydrodynamic simulations (e.g. Simpson et al.
2013; Munshi et al. 2013; Shen et al. 2014; On˜orbe et al.
2015; Wheeler et al. 2015), and abundance matching us-
ing dark-matter simulations (e.g. Behroozi et al. 2013;
Brook et al. 2014; Garrison-Kimmel et al. 2016). Given
that our spatial and mass resolutions are comparable to
Wheeler et al. (2015) and On˜orbe et al. (2015), the dis-
crepancy in the predicted stellar masses might be at-
tributed to additional feedback effects considered there.
Specifically, they also take into account the impact of
photoheating and radiation pressure from stars, which
Fig. 12.— Global physical properties of the simulated dwarf
galaxies at z = 0, stellar mass vs. halo mass (top) and stellar
metallicity vs. luminosity (bottom). The quantities derived from
our work are shown as red filled circles. We also show results from
other hydrodynamic simulations (Simpson et al. 2013; Munshi et al.
2013; Shen et al. 2014; Wheeler et al. 2015; and On˜orbe et al.
2015), as well as select observations (Kirby et al. 2013). In the top
panel, we compare our stellar-halo mass results to theoretical fits
from abundance matching techniques (Behroozi et al. 2013 (dotted
line), Brook et al. 2014 (dashed line), and Garrison-Kimmel et al.
2016 (solid line)); as can be seen, our results show good agreement
with the fit suggested by Garrison-Kimmel et al. (2016). We also
mark the properties of low-mass galaxies (Mhalo < 10
9 M(z = 0),
red open circles) that are located around the six galaxies (Halo1-
Halo6). These galaxies are composed of only a small number of
stellar clusters formed via external metal-enrichment, giving rise
to low average metallicity.
could reduce star formation.
Our results show good agreement with a fit, M∗ ∝
M1.8vir , suggested by Garrison-Kimmel et al. (2016), who
derived the relation based on LG galaxy counts and the
results of dark-matter simulations. The average stellar
metallicity vs. V-band luminosity is presented in the
bottom panel of Figure 12, and compared again with
other works and observations. The V-band luminosity
is computed by assuming a stellar mass-to-light ratio
of 2 M/L for an old stellar population (Kruijssen
& Mieske 2009). The average stellar metallicity ranges
from [Fe/H] = −1.23 for a few 5 × 105 L galaxy to
[Fe/H] = −2.63 for 2× 104 L systems, which is in good
agreement with observations.
In addition to the six haloes (Halo1-Halo6), we
also present the properties of small galaxies (Mhalo <
109 M(z = 0), red open circles) around the six haloes
in the refined regions. A noticeable discrepancy from
the observed relation is that such small galaxies result in
much smaller stellar metallicity, by an order of magni-
tude, at luminosities below LV ∼ 103.5 L. This corre-
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sponds to systems in which only a few stars are formed
by external metal enrichment, and where subsequent star
formation is self-terminated by SN feedback, evacuating
all remaining gas. Afterwards, these systems are unable
to replenish their gas supply, owing to their shallow po-
tential well. As a result, those low-mass galaxies are com-
posed of only a small number of stellar clusters that form
in externally-enriched environments, giving rise to low
average metallicity. However, the robustness of the de-
rived properties of such small galaxies is subject to mass
resolution. Therefore, we plan to firm up this possible
external enrichment pathway with even higher-resolution
simulations in future work.
4. CAVEATS AND LIMITATIONS
In this section, we briefly comment on the limitations
of this work and our adopted assumptions that could af-
fect the results. One of the robust results of our work
is the key role of external metal enrichment in the for-
mation of extremely metal-poor stars. The degree of ex-
ternal metal enrichment, however, heavily depends on
how we implement the transport of metals and their mix-
ing with the surrounding gas. In the diffusion method,
adopted here, the efficiency of mixing is determined by
the diffusion coefficient described in Section 2.4.3.
To test the robustness of our results regarding the ef-
ficiency of metal mixing, we additionally perform a com-
parison simulation. Here, we artificially reduce the dif-
fusion coefficient by a factor of 5 in the Halo1 zoom-
simulation, and examine if we still can produce extremely
low metallicity stars. We find that the fraction of stars,
defined as f = (number of stars with metallicity less than
a given [Fe/H]) / (total number of stars), decreases for
f([Fe/H] < −3), f([Fe/H < −4]), and f([Fe/H] < −5)
by a factor of 1.5, 1.2, 1.04, respectively. Given the
stochastic nature of star formation, we conclude that the
ability of producing low-metallicity stars within our sim-
ulations is not very sensitive to changes in the diffusion
coefficient. We note that external metal-enrichment is
argued to be much less important in the recent work by
Griffen et al. (2016), where they investigate the fossils of
Pop III star formation and of the first galaxies in a MW-
mass system. The idealized model for metal pollution,
implemented in post-processing within their dark-matter
only simulation, however, makes it difficult to directly
compare with their results.
Other uncertainty that could affect the resulting chem-
ical abundances would be the IMF of Pop III and Pop II
stars. As previously mentioned, the Pop III IMF, in par-
ticular, is still very uncertain. Here, we only consider
the mass range between 10 M and 150 M by assum-
ing a top-heavy IMF, but recent high-resolution studies
of Pop III star formation have suggested that the mass
of primordial stars could extend to as low as m∗ < 1 M
(e.g. Stacy et al. 2016). If this were the case, our simula-
tions would have overproduced metals, and overpredicted
alpha-element abundances as well, via CCSNe and PISNe
from massive Pop III stars. In addition, the low SFRs
in the simulated galaxies indicate that IMF sampling is
likely to be incomplete. However, this stochastic IMF
sampling is a reasonable assumption for Pop III clusters.
This is because Pop III stars tend to be formed as single
or multiple stars and the following energetic SNe prevent
further star formation in small halos (Mvir . 107 M
at z > 10). Therefore, it is expected that the chemical
abundances of Pop II stars are predominately determined
by the yields from one or a few Pop III SNe.
We do not take into account photoheating and radia-
tion pressure from stars. For the low-mass galaxies sim-
ulated here, these additional stellar feedback effects may
play an important role in suppressing star formation. In
this context, Wise et al. (2012) have reported that the
star formation rate can be reduced by a factor of five in
a dwarf galaxy at z ∼ 8 with a virial mass of 2× 108 M
by including radiation pressure. Similarly, the key role
of radiative feedback in predicting the stellar masses of
galaxies, in particular at high redshifts, is emphasized
in the study by Hopkins et al. (2014). However, it is
currently still prohibitive computationally to trace the
evolution of a galaxy down to z = 0, while directly solv-
ing the radiative transfer equation for our highly resolved
star forming regions within their large-scale cosmological
context.
It should also be pointed out that we fix the onset of
reionization by introducing an external UV background
at z = 7, ramping it up to its full strength by z = 6.
Simpson et al. (2013), on the other hand, have shown
that depending on the onset of reionization, the resul-
tant stellar mass at z = 0 can vary by an order of mag-
nitude (see also Milosavljevic´ & Bromm 2014). The pre-
cise time when a given galaxy is impacted by the UV
background would depend on how far the galaxy is lo-
cated from massive haloes, where the majority of UV
photons is emitted, implying that dwarf galaxies close to
a massive system might experience an early truncation
of star formation. In addition, apart from the uniform
UV background, local heating and ionization from the
nearby galaxy are neglected. The effect of local radia-
tion sources and the impact of the MW potential will
be presented in a subsequent paper. Recently, On˜orbe
et al. (2017) have provided a new set of UV background
to complement the extensively used heating and ioniza-
tion rates (Haardt & Madau 2012), which turn out to be
far strong at early epochs (z > 6), heating the temper-
ature of the IGM to 104 K already at z = 13. It means
that star formation in the simulated galaxies could have
terminated at early times than it should, resulting in the
overestimated stellar mass at z = 0. However, we expect
that our results may be insensitive to this difference be-
cause we introduce the UV background from z = 7 where
two models begin to produce similar reionization history
and the IGM temperature.
The final point is that the size of our simulation box is
relatively small, dictated by the need to keep computa-
tional cost under control. We cannot, therefore, properly
represent the large-scale modes in the cosmological den-
sity field that would control the number of structures at
z = 0, and would also affect the accretion history of the
simulated haloes. However, in this work, we focus on the
evolution of individual systems rather than the statistics
of sub-structures of a realistic MW-size halo. In addition,
performing simulations for multiple refined regions allows
us to investigate the build-up of galaxies under different
accretion histories, thus partially addressing the impact
of cosmic variance.
5. SUMMARY AND CONCLUSIONS
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We have performed a suite of cosmological hydrody-
namic zoom-in simulations to investigate the star for-
mation history and chemical evolution of local low-mass
dwarf galaxies. We have, for the first time, traced the de-
tailed enrichment history of stellar populations in UFD
galaxies, reaching back to the formation of Pop III stars.
Our work, therefore, allows us to directly compare the de-
rived stellar chemical abundances, including the contri-
bution from the first stars, to the detailed observations of
individual stellar abundances in UFDs. Given the phys-
ical characteristics of the local UFDs, which consist of
metal-poor, ancient stellar populations (& 10 Gyr), there
have been theoretical attempts to link the nearby UFDs
to galaxies at high redshifts (z & 6). In particular, the
truncated star formation history of UFDs, inferred from
observations, supports the idea that their star formation
could be partially or completely quenched by reioniza-
tion. The gas in dwarf galaxies was then photo-heated,
and the filtering (Jeans) mass in the reionized IGM was
increased, such that gas collapse into low-mass haloes
became inefficient.
Our simulations confirm that reionization, in combina-
tion with supernova feedback, did play a critical role in
suppressing star formation in local dwarf galaxies. The
effectiveness of reionization in preventing star formation
strongly depends on halo mass: star formation in low-
mass haloes, with Mvir . 2 × 109 M(z = 0), is almost
entirely quenched by reionization, while relatively mas-
sive haloes, Mvir & 3 × 109 M(z = 0), exhibit a con-
tinuous or bursty star formation history at late epochs
(e.g., our Halo6). We find that in most cases, more
than 90% of stars form prior to reionization, such that
these systems can be classified as “true fossils”. On
the other hand, the most massive halo, Halo6, with
Mvir ∼ 4 × 109 M(z = 0), forms only about 30% of
stars before reionization, and star formation is not ef-
fectively shut down. Such a galaxy would correspond to
a “polluted fossil” in terms of the definition of Ricotti
& Gnedin (2005). The comparison run without SN feed-
back confirms that this feedback is essential in truncating
star formation in dwarf galaxies.
The ability of resolving small haloes (Mvir < 10
8 M
at z > 6) enables us to track down stellar mass growth
in minihalo scales at high-z, leading to very interest-
ing results. Our simulations find that star formation
in the simulated galaxies, especially less massive haloes
(Mvir < 2 × 109 M at z = 0), is a consequence of the
combination of in situ star formation in a primary halo
and significant stellar accretion through multiple mergers
of smaller haloes, that originate from low-density peaks.
This conflicts with the prevailing view that stellar mass
growth is dominated by in-situ SF within a dominant
primary halo - instead, it is difficult to identify a pri-
mary halo at early times for UFD analogs. This suggests
that when we observe stars in UFDs it is not simple to
infer where the stars originate, complicating efforts to
reconstruct their SFHs. On the other hand, the most
massive halo, Halo6, presents the expected trend that
more than 80% of stars are formed in a primary halo.
This case is because the progenitor haloes of Halo6 were
from high-density peaks and the primary halo grow fast
through accretion and mergers. This suggests that there
is a distinction between the assembly history of UFDs
and low-mass dwarfs.
Our simulations demonstrate that the inclusion of
Pop III SNe is a necessary ingredient to produce low
metallicity stars with [Fe/H] . −4. Particularly, we find
that the existence of such low-metallicity stars is pre-
dominantly a consequence of external metal enrichment
by Pop III SNe. Due to the proximity between haloes
at high redshifts, z & 7, metals from Pop III SNe can
be transferred into neighboring haloes that have never
formed stars, but are about to do so. As a result, ex-
tremely low-metallicity Pop II stars are likely to be born
in this externally contaminated environment. Based on
the distinctive trends of metal yields from Pop III and
Pop II SNe, we scrutinize the detailed origin of the stellar
components in the dwarfs. We show that the simulated
galaxies are composite systems, assembled from haloes
that were externally enriched, hosting only Pop II stars,
and from haloes in which the gas was polluted via self-
enrichment, hosting both Pop III and Pop II star forma-
tion. Our simulations naturally reproduce the carbon-
enhanced metal poor stars by including Pop III SNe that
intrinsically yield high ratios of [C/Fe]. Also, the resul-
tant chemical abundances provide a good match to the
observations, in that we find the enhanced [α/Fe] ratios
at all metallicities, a trend also found in the observations
of UFDs. This enhanced [α/Fe] ratio, nearly constant
with metallicity, implies that the gas in the dwarfs is
more likely affected by Type II rather than Type Ia SNe.
Comparing the derived chemical properties of the sim-
ulated galaxies with those of the observed UFDs (CVn II,
Leo IV, Coma Berenices, Bootes I, Hercules, Segue I,
UMa I, and UMa II), we find that all these UFDs ap-
pear to have experienced truncated star formation. Es-
pecially, the chemical properties of four UFDs, CVn II,
Hercules, Coma Berenices, and Bootes I, tend to be con-
sistent with those of the simulated analogs, Halo2 and
Halo3, possibly implying that star formation in these
UFDs was entirely quenched by reionization. The pres-
ence of relatively high metallicity stars in Leo IV and
Segue I might be associated with bursts of star formation
at late epochs after reionization, as suggested in Halo4
and Halo5.
The most massive dwarf halo in our sample, Halo6
(Mvir ∼ 4 × 109 M at z = 0), continues forming stars
until z=0 and retains a significant neutral HI reservoir
at z=0. The amount of neutral hydrogen and stellar
mass at z=0 is comparable to that of newly discovered
gas-rich, low-mass dwarfs like Leo A, Leo P, Leo T and
DDO 210. This work indicates that the progenitors of
such gas-rich dwarfs are slightly more massive than true
fossil relics of reionization. This study indicates for the
first time the significance of the chemical evolution of
low-mass haloes to z=0 in a full cosmological context
to make direct comparison with the full variety of de-
pendent dwarfs observed around the MW. In particular,
if we assume that this quenching of star formation in
UMa II was correlated with gas stripping while infalling
onto the MW halo, the estimated infall time of UMa II
could be tinfall ∼ 11 Gyr. However, Halo6 already looks
very different from UFDs (M∗ < 105 M at z=0), form-
ing 30% of stars after reionization, giving rise to a stellar
mass of M∗ = 2.6× 105 M (z = 6), meaning that there
likely is a hard upper limit on the UFD halo mass. It
also suggests that UMa I and UMa II could be the most
massive UFDs among the observed UFDs, but still not
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as massive as Halo6.
A key prediction of our simulations is the presence
of extremely low-metallicity stars, with [Fe/H] . −4,
in the local UFDs. These stars should preserve pure
Pop III signatures, i.e. enhanced carbon and alpha abun-
dances, as a consequence of external metal-enrichment
and the build-up of dwarfs via mergers. To date, such
extremely low-metallicity stars have not yet been de-
tected in UFDs, but they should come within reach over
the next decade, with the advent of a number of next-
generation telescopes. Among them is the Large Syn-
optic Survey Telescope (LSST) with its unprecedented
wide-field imaging capability, ideally suited for detect-
ing low surface-brightness systems. In addition, the
greatly improved spectroscopic sensitivities of the up-
coming extremely large ground-based telescopes, the Gi-
ant Magellan Telescope (GMT), the Thirty Meter Tele-
scope (TMT), and the European Extremely Large Tele-
scope (E-ELT), will revolutionize chemical abundance
studies in the Local Group. Also, a recent study of
the most metal-poor damped Lyman-α (DLA) system at
z ∼ 3, with an iron abundance of [Fe/H] . −2.81, sug-
gests that the chemical signatures from a core-collapse
supernova of a 20.5 MPop III star are imprinted on
the observed DLA, indicating that such systems could
be the predecessors of UFDs (Cooke et al. 2017). All
these avenues promise to offer fundamental insights into
the nature of the first generation of stars and into the
metal enrichment history of the early Universe.
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APPENDIX
Fig. 13.— The same as Figure 5, but for Halo2, Halo3, Halo4 and Halo5 from left to right. Externally vs. internally formed stars.
Top panel: stellar metallicity vs. formation time for all stars located within the virial radius of a halo at z = 0. Bottom panel: subset of
stars formed in-situ in the primary progenitor of a halo.
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